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FERRANTI 


DIFFUSED JUNCTION | 
POWER RECTIFIERS ; 


Ferranti offer a range of hermetically 5 
sealed rectifiers with peak inverse 

voltage ratings up to 300 volts, and rec- : 
tified current from 100 mA. to 30 amps. 
from a single convection cooled diode. oe 
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SPECIAL FEATURES 


@ More power in smaller space. 5 
@ High AC to DC conversion f 
efficiency. | 
@ Excellent regulation. 


@ Reliable operation at high Ee 
temperature. 


@ Minimum maintenance. 


@ High forward and very low 
reverse current. ; 


Ferranti Silicon Rectifiers are rigorously 
tested to Service and Industrial Specifi- 
cations covering vibration, .shock and . 
humidity, and are suitable for Airborne, : 
Marine and Industrial Electrical 
applications. ; 


Data Sheets and Application Reports : 
are available and will be supplied f 
on request. 


PERRANTI LTD - GEM MILL + CHADDERTON +: OLDHAM * LANCASHIRE 


DandemcOtiics: KERN HOUSE, 36 KINGSWAY, W.C.2. 
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by courtesy of the English Electric Co. Ltd. 


Part of the sub-station of the Merseyside 


f the C.E.G.B: at 


ivision o 


and North Wales D 


Rochdale, showing English Electric Air 


t breakers and Doulton heavy duty 
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Blast c 


lators. 
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132 kV post 


Doulton 
Type BB9 


Standard Posts for Voltages from 11kV to 275kV 


TON INDUSTRIAL PORCELAINS LIMITED > 


ROYAL DOULTON POTTERIES 


TAMWORTH STAFFS 


WILNECOTE 


é& DOUL 
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ERSG 
BRAPHIC RECORDING 
aNSERUVERES 


AMMETERS - WATTMETERS 
‘POWER FACTOR METERS - FREQUENCY METERS 


Nalder’s Graphic Recording 
Instruments illustrated at left 
and below, show the Standard 
and Duplex models, switch- 
board pattern. Picture on 
extreme left shows the simpli- 
city of opening the instruments 
for recharting. A complete 
range of recording instruments, 
for both switchboard and port- 
able patterns, is offered for all 
meters. 


Nalder’s Recording Instru- 
ments are made to their usual 
high level of accuracy and are 
well within the requirements 
of B.S. Specification. 


Chart driving mechanism is of improved type which 
ensures extremely accurate timing. Standard chart 
speed is set for 1” per hour but full adjustment is 
provided for multi-speed charts. When running at 
Standard Speed the 65 ft. chart rolls are sufficient for 
one month’s record. Clocks are fitted hand wound 
or synchronous motor as desired. 


NALDER’S PRODUCTS INCLUDE: 
Protective Relays Vectormeters 
Automatic Earth Proving Supply Switches 
“Bijou” Circuit Breakers 


Flameproof Instruments 


All conform to B.S. Specification 


MALDER BROS. & THOMPSON LTD., Dalston Lane Works, London, E.8 


Yelegrams: Occlude Hack, London. Telephone: Clissold 2365 (4 lines) 
eM 
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J ohannesburg, Transvaal! At night a fairyland of 


light, by day a bustling centre of commerce. A busy 


‘city, a modern city, a bity powered by the G.E.C. 


‘“Aators, the number of G.E.C. sets in Johannesbiirg’s 


S 


/ four power stations will total twenty five and will 
provide three quarters of a million kilowatts. And so 


the G.E.C. serves Johannesburg with the power to 


e a 


meee a@ great city alive. A big job indeed—and just 


the job for the G. E.C. with its vast experience of 


electrical generation, distribution and control. 


power generation 


THE GENERAL ‘ELECTRIC COMPANY LIMITED OF ENGLAND. 


HEAD OFFICE: .- MAGNET HOUSE) KINGSWAY LONDON Wee 
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We'll be at 
KARIBA! 


For the great Hydro-electric project at METAFILTRATION will include in their 
Kariba Gorge the METAFILTRATION CO. supply :— 


LTD., in association with The British Thomson- 500 gallons/hour METAFILTERS 

Houston Export Co. Ltd., will be supplying 10,000 gallon oil storage tanks 

Permanent purification, storage and pumping 13,000 gallons/hour transfer pumps 
equipment for insulating oil used in the 330 kV. More than 3 miles of 2”, 3” and 4” pipework! 
B.T.H. oil circuit breakers, also the transformers, The acceptance of the Metafilter filtration 
and reactors at each of the stations shown on the system for this great project is yet another fine 
map. tribute to the efficiency of our installations. 


CHOOSE THE METAFILTER BACKED BY 29 YEARS EXPERIENCE. 


KARIBA DAM 


Metafilter 


Metafilters for transformers 
and switch oils are available as 
Static, portable and fully mobile 
units with capacities from 
50 g.p.h. to 1000 g.p.h. 


PURITY WITH SIMPLICITY 


THE METAFILTRATION CO. LTD., BELGRAVE RD., HOUNSLOW, MIDDX. 
Telephone HOUnslow 1121-3 
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BROOKHIRST 


‘or BRADWELL 


Under sub-contract to A. Reyrolle & Co. Ltd., 

Brookhirst motor starters are being supplied for vitally important 
plant at Bradwell, the nuclear power station being built by the 
Nuclear Power Plant Co. Ltd., for the Central Electricity Authority. 


Being chosen for this notable installation is yet another proof of 


Brookhirst leadership in motor control in the nuclear field. 


uRST As specialised sub-contractors 
Brookhirst have also been called upon 


to supply very large quantities 


B ROOKHII of motor control gear for the 
| Net wipes ators tea TEE 


> 
NW | United Kingdom Atomic Energy 
ae Sey 


Authority’s establishments. 


BROOKHIRST SWITCHGEAR LTD., NORTHGATE WORKS, CHESTER 


A METAL INDUSTRIES GROUP COMPANY CYS-58 
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CLOSED CIRCUIT 


AIR 
OOLERS 


Lengthy experience in practical design | 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces { 
Heavy and robust construction 
Special attention to ease of access and maintenance 


HEENAN & FROUDE LIMITED © WORCESTER = ENC mm 
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MAIN FEATURES: 


e Available from 25 Mc/s to 174 Mc/s. Unit chassis construction 


eF.M. or A.M. simplex or duplex. ¢Up to 6 switch-selected channels. 
e Low battery drain e Light weight 
e Split-channel selectivity ¢ Low cost installation and maintenance 


The following features are optional: 

Channel spacing:—A.M. Type V: 20, 25, 30 kc/s. Type N: 40, 50, 60 kc/s. 
Type W: 100 kc/s or greater. F.M. Types : 40, 50 or 60 kc/s. 

Public Address and Re-broadcast facility on A.M. Types. 

Fist microphone or telephone handset. 


All Ranger Mobile 
Models are available 
for 6, 12 or 24 

volts power supplies. 


eh 


$ 
: 


gPS Fs axes EE 


Mobile Ranger Equipment Fixed Stations. 

A. 20 watt F.M. Boot-Mounted Unit G. 20 watt F.M. Fixed Station PTC 
PTC 8201/2. 8701/2. 

Please write for details. B. 15 watt A.M. Boot-Mounted Unit H. 15 watt A.M. Fixed Station PTC 

PTC 2201/2. 723/4. 

Cc. 10 watt F.M. Boot-Mounted Unit I. 50 watt A.M. Fixed 
PTC 8101/2. Station PTC 753/4. 

D. 5 watt A.M. Boot-Mounted Unit 
PTC 2101/2. \Y yy 

E. 10 watt F.M. Dash Mounted Unit \ KY \ 
PTC 8001/2. \ \ 

F. 5 watt A.M. Dash Mounted Unit \\ \ 
PTC 2001/2. a N 


“ 


\\ 
are SHORTEST DISTANCE BETWEEN TWO POINTS | ia 

ET I ET A TE SE a TS RT 
| \ Ss 
PYE TELECOMMUNICATIONS LTD., NEWMARKET RD., CAMBRIDGE. 


Phone: TEVERSHAM 3131 Cables: PYETELECOM CAMBRIDGE 
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Aero Research Ltd 


ANNOUNCE 


Zé 


that from June 30th 1958 


Yj 


the Company will be 


known as 


CIBA(A.R.LDL 


Makers of synthetic resins for industry 


Zz 


REDUX RESOLEME 


Uj 


AERODUX ARALDITE 


AEROLITE AEROWEB 
(registered trade names) 


Zc 


CIBA (A.R.L.) LTD 


Duxford, Cambridge 


ZZ 


jj 
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Thyratrons 


for... 


Relay operation 
Electronic switching 
Servo systems 


Regulated A.C. or D.C. power supplies 


Computers 


Motor control 


These thyratrons are designed for the continuous control of currents up to 
1.6 amperes. 


They are being used to actuate solenoids and electromechanical devices of 
all kinds as well as for direct electronic switching. 


Characteristic advantages of thyratron control are smooth and continuous 
control of current, negligible control power and high power efficiency. 


The four valves listed have a rare gas filling which makes for operation over 
a wide temperature range, a quick heating-up time and free mounting position, 


Many tens of thousands of small thyratrons are made every year by 
Mullard and there is a fund of experience available for your assistance in 
selecting and operating individual types. 


Write for free leaflet “‘ Thyratrons for the control of small currents”’. 


PREFERRED RANGE OF SMALL THYRATRONS 


Max. Av. 
American Services Cathode JERS 
Type No. Type No. Current Max. (Volts) 
(Amps) 


EN92 CV3512 
*EN91 CV797 

EN32 CV2253 

XR1-1600 CV3706 


SI 


ress PRU OOM ote sen 


GOVERNMENT AND 
INDUSTRIAL VALVE DEPARTMENT 


MULLARD LIMITED - MULLARD HOUSE - TORRINGTON PLACE - LONDON WC1 - Telephone: LANgham 6633 


@) MVT348 


Extensible ring main, type KAA4 using two 
type DA4 oil switches 


criptions of the.above switchgear’ 


breakers in double tier formation 


... night and day, year 1n, year out 
—always ready for action, G.E.C. 
Switchgear has been proved by 
the most stringent tests at the 
works. But that’s not all. This 
inherent reliability has been 
proved, time and again, at hun- 
dreds of installations all over the 
world. 


There is Switchgear for every purpose in the 
G.H.C. range of equipment. 


RING MAIN SWITCHGEAR 

3.8KV to 11KV—up to 250 MVA at 11kV. With 
fault-making oil switches in extensible or non- 
extensible form. 


INDOOR AIRBREAK SWITCHGEAR 
30 MVA*at 400/660V and up to 250 MVA at 
3.3KV. a8 


METALCLAD SWITCHGEAR 

3.3KV to 338kKV—up to 1500 MVA at 838kV. 
Units up to 250 MVA at 11kV available from 
stock. 


o 
OUTDOOR OIL CIRCUIT BREAKERS 
11KV to 132kV—up to 5000 MVA at 132kV. 
Breakers up to 750 MVA at 38kV available 
from stock. Ce 


You are invited to ask for the Technical Des- 


y 
y 


ay 
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Switchboard with 800A and 1600A air circuit 


AN 


” = 


Tas. 


“ros 


33kV 750 MVA double busbar switchboard 66kV or circuit breaker with pneumatic 
Operating gear 


SRD : SPaTION 
AP BOAER 


| | i : eee : oS ae | 132kV oil circuit — 
H power control equipment 


a 


oe . ‘THE GENERAL ,IMITED OF ENGLAND. 
HEAD OFFICE: NGSWAY LONDON wc2 
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WoW @nsbaHO eM POWER STATION 


disnnnnnonvcnonannniincrsnstenteene 


4 
Pie 


Photographed by courtesy 


of C.E.A., Yorkshire Division: 


e 


SWITCHGEAR 


~REYROLLE — 


4 


The main 132-kV 2,500-MVA air-blast switchgear at Wakefield B 
Power Station together with its associated control equipment, 
was supplied by Reyrolle who were also responsible for 


the 3-3-kV auxiliary air-break switchgear 


Reyrolle 


A. REYROLLE & COMPANY LIMITED 


HEBBURN + COUNTY DURHAM - ENGLAND 


Which Peetifior ae 
shall T use? 


i MVYYfy 
Bae Wf 
HE Ml 7 Z Y 


0 10 1000 10000 
D.C. VOLTAGE 


hoe them all 
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‘when it’s essential 


arr itiasriaapanic arp actater te 


‘to know what’s 


going on... 


radio equipment 
will tell you — for less! 


now available 


| G.E.C. 5-CIRCUIT JUNCTION RADIO EQUIPMENT 


[ee 


providing 5 speech circuits, each having a bandwidth of 300 c/s - 3400 c/s. 


This operates over distances of up to 40 miles (65 km) without repeaters, in any 
one of the following frequency bands. 


71.5-100 Mc/s 132-156Mc/s 156-184 Mc/s 235-270 Mc/s 


FOR FURTHER INFORMATION, PLEASE WRITE FOR STANDARD 
SPECIFICATION SPO 5051. 


Everything for Telecommunications 


THE GENERAL ELECTRIC COMPANY LTD. OF ENGLAND 
TELEPHONE, RADIO, AND TELEVISION WORKS, COVENTRY 


G.E.C.5A 


( xvii ) LEE. PROCEEDINGS, PART A—ADVERTISEMENTS 
S VSN \N . & y WG 


Up to 10” wide x 1” thick or 3” square 
drawn finish; up to 12” x 3” x 16’ hard 
rolled. Extra heavy machined bars to 
customers’ requirements. Tubular and 
laminated busbars. 


PRE-ASSEMBLY WORK 
ON COPPER BUSBARS 


Facilities are available in our Works for 
bending, sawing, drilling, slotting and 


tinning to customers’ requirements. 


THOMAS BOLTON & SONS LTD 
Head Office: Mersey Copper Works, Widnes, Lancs, 
Telephone: Widnes 2022 


London Office & Export Sales Dept: 
168 Regent Street, W.I. Telephone: REGent 6427 


175 YEARS 
SERVICE 
To 
INDUSTRY 


Cvs—524 
b 
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Volume Resistivity lo" 
Ohm. cm. 100° C 2x 10 

200° C 4x 1o'4 

300° C 3 x 10!3 


Due to the high resistivity of Sintox, it is unsur- 
passed as an electrical insulator and it is widely 
used for thermionic valve components, high 
temperature terminations, multi-hole thermo- 
couple tubes and many other applications. 


Sintox Technical Advisory Service 


This service is freely available without obligation to those 
requiring technical advice on the application of Sintox Industrial 
Ceramics. Please write for booklet or any information required 


enclosing blue print if available. SINTOX IS MANUFACTURED BY 
LODGE PLUGS LTD., RUGBY. () 


Suttches 


For Instrument and Electronic Applications 


aie 


$ Oe 


* Cat. No. 81058-BT. Cat. No. 81046. Cat No. 81055-B- 
Double Pole Double Single Pole Single BP. Double Pole 
Throw. 2 Position Throw. 2 Position Single Throw. 2 
Lever Type. Back Lever Type. Back Position Insulated 
Connecting Lugs. Connecting Lugs. Lever Type. Back 
Connecting Lugs. 
The exacting conditions of service demanded by modern 
techniques in electronic equipment and instrument develop- Circuits available S.P.S.T., S.P.D.T., D.P.S.T., D.P.D.T. 
ment are fully matched by this new range of ARROW 
Laltetiestenelosed-eanitclice: *e BIASED ACTION SUPPLIED FOR ALL CIRCUITS 
Their main characteristic is the maintenance of low contact Maximum rating 3 amps at 250V AC/DC 


resistance after considerable life. 


Write today for full particulars of these instrument switches. A R FR re) W 
ARROW ELECTRIC SWITCHES LTD - HANGER LANE - LONDON, W.5 


A22 
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BTH 3,500 MV A three-tank circuit-breakers at West Melton, C.E.A. 
Yorkshire Division. 


SHUNTARC 


Oil Circuit-Breakers 


FOR 132kV SERVICE 


* Two breaks per phase, resistance switched 
* Equal voltage distribution between breaks 
* Effective control of switching overvoltages 


* In service throughout the World 


BTH 1,500 MVA single-tank circuit-breaker at Pedro Marin Power 
Station, Compania Sevillana de Electricidad, Spain. 


4% BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED > WILLESDEN + ENGLAND 
AS147 


an A.E.!. Company 


b* 
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Many cables are made 
to specification but it is 


by their attention to the 
unspecified details that 
Aberdare’s reputation 
has been built. 


Aberdare Cables 


Paper insulated cables up to 33kV, to BSS or special requirements. 


ABERDARE CABLES LIMITED 
ABERDARE - GLAMORGAN + SOUTH WALES 


London Office: NINETEEN WOBURN PLACE, W.C.1 


Aberdare Cables are represented in over 40 different territories. 
Names and addresses of agents sent on application. 


4t 


RICHARD JOHNSON & NEPHEW LIMITED, MANCHESTER 11 


J . 
Tel. EAST 1431 i 


4 
~ 4 
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Electro Magnetic Brakes 


mrivean 


Single Phase Brakes 
Torque 3 to 500 lbs. feet. 


Drum Size ethane. 


D.C. Brakes 
Torque 3 to 3,200 lbs. feet. 


Shunt or series wound. Drum Size 2-30 ins. 


Three Phase Brakes 
Torque 40 to 3,500 lbs. feet 


Complete range includes : 
Flame-proof, Thrustor, Dust-proof, 
Watertight and AC/DC Patterns. 


Drum Size 6-30 ins. 


DEWHURST & PARTNER LIMITED 


iNovem E Ss oe VV. Rn mom tO UNSILOW..<« »-MIDDLESEX 


Telephone: Hounslow 0083 (8 lines) . Telegrams: Dewhurst Hounslow 


and at Birmingham, Glasgow, Gloucester, Leeds, Manchester, Newcastle, Nottingham 
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one to go... 5 


For the batsman on the verge of a century, 
that vital last run may seem more elusive 
than all the other ninety-nine. But, 
as every umpire—and schoolboy—knows, 
the distance to be covered remains unchanged. 
The achievement of complete dust recovery is more complex. 
For, in the field of electro-precipitation, 
the improvement of efficiency beyond 99% is the hardest 
and the most important part of the problem. 
An improvement of only one half of one per cent on 99%, 


aw 
~~ 


a 


for example, has the effect of halving the remaining 
dust concentration at the precipitator outlet. 
pe): ) S\ 
Electro-precipitators designed and built by Simon-Carves Ltd 
achieved the efficiencies shown under stringent official << 
x 


acceptance test conditions at maximum continuous rating, The tests were 
observed by representatives of the Central Electricity Generating Board 


HUNCOAT CHADDERTON 'B’ FLEETWOOD 
DA POWER STATION POWER STATION POWER STATION 
NO. | UNIT NO. 2 UNIT NO. 3 UNIT 


ACTUAL 
EFFICIENCY 99-43 99°44 
(AT M.C.R.) 


GUARANTEED i 
EFFICIENCY 98-00 98:00 
(AT M.C.R.) 


% Subject to confirmation 


HIGH EFFICIENCY ELECTRO - PRECIPITATION BY Szmon-Carves Lid & 


STOCKPORT, ENGLAND 


Mere COMPANIES | Simon-Caryes (Africa) (Pty) Ltd: Johannesburg Simon-Carves (Australia) Pty Ltd: Botany, N.S.W. 


VALVES and RECTIFIERS 


Over many years the company’s Technicians 
have progressively developed special cooling 
equipment in conjunction with Alternator 
Motor and Transformer Manufacturers. 


The extensive knowledge gained thereby 
ensures the successful solution of all cooling 
problems. 


For most installations either water-cooled o1 
air-cooled equipment is used, the usua 
Alternator or Motor Cooler is water-cooled 
whilst for Transformer Cooling both wate! 
and air-cooled designs are in common use. 


Each installation receives individual attention 
and is designed to meet with requirement: 
peculiar to the particular design and conditions 


Other products include Unit Heaters, Ai 
Heaters, Diesel Engine Coolers. 


Closed circuit Spiral Tube Air Coolers fitted to Alternators manufactured by the 
Lancashire Dynamo & Crypto Ltd., installed at the East Greenwich Power 
House of the S.E. Gas Board. 


THE SPIRAL TUBE & COMPONENTS CO. LTD., OSMASTON PARK ROAD, DERBY. TELEPHONE: DERBY 48761 (3 lines 
London Office and Works: Honeypot Lane, Stanmore, Middlesex. Tel: Edgware 4658/9 ae 
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ISOMANTLES [2 


” R 


r Process Vessels... 


+ Moderate 
installation costs, 


* Standard units 
giving temperatures 
up to 400° C. 


%* Special 
construction for 
“Flameproof” areas 


(Patent No. 713768). 


3% Can be combined 
with steam heating. 


Isomantles as shown here on a 
< 100 gallon vessel are made for 
plant up to 1,000 gallon capacity. 


In the Chemical Industry, Isomantles have nursed many a project 
through laboratory and pilot stage, and are now used 

extensively for heating a wide variety of production equipment. 
For cooling, internal coils can be used or segmented jackets (as 
shown in the inset) which also allow the additional use of 


steam for heating up. 
Please ask for PLT/58—new 44 page catalogue fully documenting 


our industrial Heating Mantles, Tapes etc. 


ISOPAD LIMITED 


@ @ Barnet By-Pass, Boreham Wood, Herts @ @ ®@ 
Telephone: ELStree 2817/8 /9 


Caigite 


Pipe Lines 
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Electrofilters 
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rd 
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SS 


IALISTS 


LODGE - COTTRELL LIMITED, GEORGE ST. PARADE, BIRMINGHAM. Tel: Central 7714. 


‘A consistently good stack at Rye House power station 


LONDON Central 5488 | 


Overseas Agents: Continental Europe: Léon Bailly, Ingénieur Conseil, Avenue des Sorbiers, Anseremme-Dinant, Belgium. | 
SOUTH AFRICA: Branch Office 76, Magor House, 74, Fox Street, Johannesburg, South Africa. 


AUSTRALASIA: F. S. Wright, 465 Collins Street, Melbourne, Australla. 


ye" ace--- AEN <onee Y= 


A job completed in METALLIC 
conduit is a job completed for 
good. METALLIC finishes 
ensure complete protection 
against -corrosion, and will 
withstand bending without the 
slightest flaking. This dura- 
bility, coupled with consistent 
accuracy, ensures easier ine 
stallation and maintenance. 


COMPANY THE METALLIC SEAMLESS TUBE CO. LTD., LUDGATE HILL, BIRMINGHAM 3 


ALSO AT LONDON, NEWCASTLE-ON-TYNE, LEEDS, $§ 


WANSEA & GLASGOW 


@ 
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s, waco, ella, “ll, Wil, as With Wilts Vi 


i 


4 over A MILLION kVA 
; of HACKBRIDGE 


4 TRANSFORMERS @ 
E installed at fi 


BARKING 


POWER STATION 


d 
LONDON | 
| 


HACKBRIDGE TRANSFORMERS have been installed at 
Barking Power Station over a period of a quarter of a 
century and include units in capacities up to 93,750 
kVA as listed below. 


installations illustrated show: 


i The 
| above, one of the four Hackbridge 
93,750 kVA transformers, and, 


4 below, one of the three as Wa iis 
ae = — 
\ 


H EE ie Sage Eh 
a ET Emr 


= -— 


88,750 kVA Units at Barking _ 
gi 


N a= Re ral (a 
4 Power Station, London. re: hee A, sn MO ae —— 5 
4 — = SM IT i 
Y 
4 Four 93,750 kVA Two 12,500 kVA Four 600 kVA 
A Three 50,000 kVA Two 10,000 kVA Four 900 kVA 
A Three 88,750 kVA Five 7,500 kVA Four 250 kVA 
Four 30,000 kVA Four 4,500 kVA _ Four 150 kVA 


Also other miscellaneous units totalling 4,000 kVA 


“HACKBRIDGE. AND > HEWITTIC. 
ELECTRIC COMPANY LTD 
HERSHAM + WALTON-ON-THAMES - SURREY 


Telephone: Walton-on-Thames 760 (8 lines) Telegrams & Cables: ‘Electric’ Walton-on-Thames 


S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co. Ltd., 


OVERSEAS REPRESENTATIVES: ARGENTINA: H. A. Roberts & Cia., 
7i, Fitzroy Street, St. Kilda, Victoria; N.S.W.: Queensland: W. Australia: "Elder, Smith & Co. Ltd.; South Australia: Parsons & Robertson Ltd.; Tasmania: 
1.’M. Bamford & Sons, (Pty.) Ltd., Hobart. BELGIUM & LUXEMBOURG: Pierre Pollie, Brussels 3. BRAZIL: Oscar G. Mors, Sao Paulo. BURMA: Neonlite 
Aanufacturing & Trading Co. Ltd.; Rangoon. CANADA: Hackbridge and Hewittic Electric Co. of Canada Ltd., Montreal; The Northern Electric Co. Ltd., Montreal, 
CHILE: Sociedad Importadora del Pacifico Ltda., Santiago. EAST AFRICA: Gerald Hoe (Lighting) Ltd., Nairobi. 
"Helsinki. GHANA, NIGERIA & SIERRA LEONE: Glyndova Ltd. 


tc. CEYLON: Envee Ess Ltd., Colombo. 
‘'GYPT: Giacomo Cohenca Fils, S.A.E., Cairo. FINLAND: Sahk6-ja Koneliike O.Y. Hermes, 
*REECE: Charilaos C. Coroneos, Athens. INDIA: Steam & Mining Equipment (India) Private Ltd., Calcutta; Easun Engineering Co. Ltd., Madras, 1. IRAQ: 
-, P, Bahoshy Bros., Baghdad. MALAYA, SINGAPORE & BORNEO: Harper, Gilfillan & Co. Ltd., "Kuala Lumpur. NETHERLANDS: J. Kater E.I., Ouderkerk 
PAKISTAN: The Karachi Radio Co., Karachi, 3. SOUTH AFRICA: Arthur 
i THAILAND: Vichien Phanich 


d. Amstel. NEW ZEALAND: Richardson, McCabe & Co. Ltd., Wellington, etc. 
CENTRAL AFRICAN FEDERATION: Arthur Trevor Williams (Pty.) Ltd., Salisbury. 


trevor Williams (Pty.) Ltd., Johannesburg, etc. y } nic! 
<o. Ltd., Bangkok. TRINIDAD & TOBAGO: Thomas Peake & Co., Port of Spain. TURKEY: Dr. H.jSalim Oker, Ankara. U.S.A.: Hackbridge and Hewittic 


“lectric Co. Ltd., P.O. Box 234, Pittsburgh 30, Pennsylvania. VENEZUELA: Oficina de Ingenieria Sociedad Anonima, Caracas. 
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33-KV METALCLAD AIR 
INSULATED SWITCHGEAR 


This unit, the first of its type produced in Britain, is 
designed to provide economic switchgear for 33-kV 
networks. 

® Economy in Space—Seven-unit substation of UE1 
equipments, occupies only 1/10 the space of a con- 
ventional outdoor station. 

® Economy in Construction—A seven unit switch- 
board was installed in three weeks from the laying of 
the foundation frames. 

@ Economy in Siting—As the unit requires only a 
fraction of the space of an open type layout there is 
greater flexibility in the choice of site. 

@ Ease of Maintenance—Motor operated mechanism 
raises or lowers the oil circuit treaker to permit in- 
spection and maintenance in all weather conditions. 


For further details please write for publication No. 542 


aN SOUTH WALES SWITCHGEAR LIMITED 

( WS) BLACKWOOD - MONMOUTHSHIRE Works at Treforest and Blackwood. 
N ~~ SWITCHGEAR - SWITCHFUSEGEAR - TRANSFORMERS - CONTROL BOARDS 

TGAG23 


WRITE FOR BOOKLET ON HIS SUBJECT 


CHAMBERLAIN & HOOKHAM 
TYPE P 


PROCESS TIMERS 


FOR ACCURATE AND 
AUTOMATIC PROCESS CONTROL 


%& Scale ranges from 0-10 secs. up to 
24 hours. 


%& Settings down to 1/10 sec. 


%& Accuracy within 0°25% of full scale 
range. 


%& Available as single units for self- 
. Mounting or as complete control 
panels. 


%& Any operation requiring time con- 
trol by electrical means can be 
regulated by this instrument. 


i 


CHAMBERLAIN & HOOKHAM LTD. 
BIRMINGHAM 


MEMBERS OF THE C-MA 


TRAFFORD. PARK MANCHESTER 17 


TRAFFORD PARK 2141 


TYPE P PROCESS TIMER 
CAT. SECTION 11300 
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the new oll-filled cable 


Srandard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London, W.C.2 
POWER LINE DIVISION - NORTH WOOLWICH » LONDON E.1I6 
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RICHARD THOMAS & BALDWINS LTD. 


LAMINATION WORKS: COOKLEY WORKS, BRIERLEY HILL, STAFFS. 


( xxvili ) 


MIDLAND SECTION OFFICE: WILDEN, STOURPORT-ON-SEVERN, WORCS. 


HEAD OFFICE: 47 PARK STREET, LONDON, W.1. 


Our Cookley Works is one of the largest in Europe specializing in the manufacture of laminations for the electrical industry. 


LAMINATIONS 


of all types, 


in all sizes and in all 


grades of material. 


FERROSIL 


hot-rolled and cold-reduced electrical | 
sheet and strip, and hot-rolled 


transformer 


sheet. 


ALPHASIL 


cold-reduced oriented transformer 
sheet and strip. 


One of many three-phase, 50 cycle, 120,000 kVA, 275/132kV | 


Auto-transformers supplied by the BTH Company for the 


British Super Grid. 


ZENITH 


(REGD, TRADE-MARK) 


Automatic 


VOLTAGE REGULATORS 


with Electronic Control 


Essential for many purposes where 
a constant pre-determined supply 
voltage is required, these Regulators 
are designed to give a controlled 
output voltage within 1% with 
input voltage 
variations up 
to plus or 
minus 10%, 
Manufactured 
for single- and 
three - phase 
loads from 5 
up to 23 kVA 
per phase. 


Illustrated 
brochure Sree 


on request . 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephone : WiLlesden 6581-5 Telegrams : Voltaohm, Norphone, London 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


control 


TRANSFORM 


Dussek Bros. are the distributors of ‘‘Lobitol’’ Trans- 
former Oil for Lobitos Oilfields Ltd., the pioneer 
producers of transformer oil in Great Britain. ‘“‘Lobitol”’ 
quality complies in full measure with B.S. requirements 
and satisfies those of many foreign countries. Quality 
guards “‘Lobitol’”’ from the oil wells to 
transformer installations wherever 
they may be. 


Dussek 


cece e 
cee eee eee eeone 


Please write 


You can depend on 


ER OIL 


. 
eereceeee 
eeeee 


to Advisory Dept. P.E.3. 


DUSSEK BROTHERS & CO..LTD. 


THAMES ROAD, CRAYFORD, KENT 
Telephone: BEXleyheath 2000 (5 lines) i 
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G. & J. WWE iF Lip. 


Recently we announced that we had received orders for the entire 
boiler feeding installation in two of the four Nuclear Power Stations 


under construction. 


We have received the order for a similar installation at Hinkley 


Point 


SO 


of the four 
new 


Nuclear Power Stations 


will be completely equipped with 


weir 


ELECTROFEEDERS 


This is only a part of the major feed pump work in hand for the 
electricity supply industry in this country and overseas, for nuclear 


and conventional fuel stations. 


HINKLEY POINT HUNTERSTON 

Twenty Weir Electrofeeders will be 

: : supplied to the order of Simon- 

supplied to the order of The English Cabs Tete toe thet ehencaions 

Plectric Co. Ltd. pressure circuits in the steam raising 
units at Hunterston. 


Ten Weir Electrofeeders are being 


BERKELEY 

Eight Weir Electrofeeders have been 
ordered by John Thompson (Water 
Tube Boilers) Ltd., for the Berkeley 


nuclear power station. 


CATHCART : GLASGOW, S.4. 
ee _______ 
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— ALL-ISOLATING UNIT 

TYPE ‘Y’ CUBICLE 
SWITCH & 
CONTROL 
GEAR 


Complete accessibility to 
all Starters and Fused 
Switches. 


@ Lift off doors for safe and 
immediate examination. 


@ Mechanical and Electrical 
Interlock. 


@ For Indoor or Outdoor 
use in any climate. 


ELECTRO MECHANICAL MFG. CO. LTD. 


SCARBOROUGH += YORKS 
London Office and Showrooms: Grand Buildings - Trafalgar Square - London: W.C.2. + WHitehall 3530 
Associated with YORKSHIRE SWITCHGEAR AND ENG. CO. LTD., LEEDS AND LONDON 


THE JOURNAL OF 


The British 
Nuclear Energy Conference 


The Institution of Civil Engineers The Institution of Mechanical Engineers 
The Institution of Electrical Engineers The Institute of Physics 
The Institution of Chemical Engineers The Institute of Metals 
The Iron and Steel Institute 


esses ( See 


PUBLISHED JANUARY, APRIL, JULY, OCTOBER 


The Journal contains papers and discussions on the applications 
of nuclear energy and ancillary subjects 


ANNUAL SUBSCRIPTIONS: 


MEMBERS 30/- post free 
NON-MEMBERS 60/- post free 


Full particulars are available from 


The Secretary *« B.N.E.C. © 1-7 Great George Street * London 
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DUPLEX 


GRAPHIC RECORDING INSTRUMENTS 


Built to the same high standards and with the 
same outstanding performance as the single Graphic Recorder. 


Note the extremely compact space-saving layout. 


Movements—high sensitivity, quick response. 


Pen arms and Pens—capillary action. 


Ink Troughs—almost unspillable. 


Chart Mechanism—withdrawable for changing charts. 


©o006 


Scaleplate and Carrier. 


Send for further details. 


THE REGORD ELECTRICAL CO. LTD. 


“CIRSCALE WORKS,” BROADHEATH, ALTRINCHAM, CHESHIRE 


Ze) 
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Portable Power with 


DONOVAN S OVERHEAD BUS-BAR EQUIPMENT 

! 3 TRAVELLING CONTACT TYPE 
Donovan ‘‘Runtact’’ power duct is ideally suitable for 
feeding electric power to hoists or small cranes, and 
enables portable power to be supplied over long lengths 
with the utmost facility. Other applications are Moving 


Test Lines, Production and Assembly Lines, and Portable 
Tools. Outstanding features include: 


@ Enclosed conductors which eliminate hazards of 
exposed wiring. 

@ Standard straight or curved sections can be applied 
to most installations. 


@ Adaptable to existing as well as new installations. 
Further details on application. 


Illustrated is an installation fitted to a 2-ton crane. > 


manufactured by AaBACas Engineering Co Ltd., 
to meet with special requirements 


LONDON DEPOT: 149-I5I| YORK WAY, N.7 
THE DONOVAN ELECTRICAL CO LTD ethveow Benen: Hert sr.c2 

Sales Engineers available in— 

LONDON, BIRMINGHAM, BELFAST, 


GRANVILLE STREET - BIRMINGHAM l. MANCHESTER, GLASGOW, BOURNE- 


MOUTH. 


Publications of 
THE INSTITUTION OF ELECTRICAL ENGINEERS 


Proceedings of The Institution 


Part A (Power Engineering)—Alternate Months 

ParT B (Radio and Electronic Engineering—including Communication Engineering)— 
Alternate Months 

ParT C (Institution Monographs)—In collected form twice a year 


Special Issues 
VoL. 94 (1947) Parr IIA (Automatic Regulators and Servomechanisms Convention) 
VoL. 94 (1947) Part IIIA (Radiocommunication Convention) 
VoL. 97 (1950) Part IA (Electric Railway Traction Convention) 
VoL. 99 (1952) Part IIIA (Television Convention) 
VoL. 100 (1953) Parr IIA (Symposium of Papers on Insulating Materials) 
Heaviside Centenary Volume (1950) 
Thermionic Valves: the First Fifty Years (1955) 
Vov. 103 (1956) Part B Supplements 1-3 (Convention on Digital-Computer Techniques) 
VoL. 103 (1956) Part A Supplement 1 (Convention on Electrical Equipment for Aircraft) 
VoL. 104 (1957) Part B Supplement 4 (Symposium on the Transatlantic Telephone Cable) 
VoL. 104 (1957) PART B Supplements 5-7 (Convention on Ferrites) 
VoL. 105 (1958) Part B Supplement 8 (Symposium on Long Distance Propagation above 30 Mc/s) 
VoL. 105 (1958) Part B Supplement 9 (Convention on Radio Aids to Aeronautical and Marine 
Navigation) 


Science Abstracts 


Section A: Physics—Monthly 
Section B: Electrical Engineering—Monthly 
Cumulative Index 


Prices of the above publications on application to the Secretary of The Institution, Savoy Place, W.C.2 


( Xxxiii ) L.E.E. PROCEEDINGS, PART A—ADVERTISEMENTS 


GROUP CONTROL 


MOTOR STARTERS 
FOR SERVICE ON SUPPLIES UP TO 660 VOLTS 


& 
SS 
& 
S 


Readily extended. 

Contactors, either standard or latched- 
in. 

Magnetic or thermal triple pole over- 
current relay. 

Earth leakage protection. 

Three phase fault protection by H.R.C. 
Fuses. 

Local, remote, or sequence control. 

Metering as required. 


M. & €. SWITCHGEAR, LTD. 


KIRKINTILLOCH, GLASGOW. 


LONDON OFFICE, 36 VICTORIA ST., S.W.1. SHEFFIELD OFFICE, OLIVE GROVE RD. 
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SOW. 


When Quality is the 
vital deciding factor 


ARIAT AEORGEUANIN 


is the outstanding 
NAME in the field of 
HIGH VOLTAGE 
INSULATION 


230kV high pressure oil-filled cable 
terminal designed by the H.V. 
Engineering Department, Canada 
Wire and Cable Company Limited, 
Toronto, Canada, using porcelains 
supplied by Taylor, Tunnicliff. Hy- 
draulic routine test: 5501b./sq. in. 


rt ee 


Wherever a new project calls 
for High Voltage Insulation 


; 
CONSULT | 
TAYLOR TUNNICLIFE 17 
AND CO. LTD. 
Head. Office: EASTWOOD - HANLEY « STOKE-ON-TRENT 
Telephone: Stoke-on-Trent 25272-5. | 
London Office: 125 HIGH HOLBORN, W.C.1. Tel: Holborn 1951-2 | 
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INDEX OF ADVERTISERS 
Firm PAGE Firm page 
Airmec Ltd. XXXV Laurence Scott and Electromotors Ltd. 
Aberdare Cables Ltd. XX Lodge-Cottrell Ltd. XXiV 
Aluminium Wire and Cable Co. Ltd. Lodge Plugs Ltd. XViii 
Arrow Electric Switches Ltd. XViil 
M. and C. Switchgear Ltd. XXXili 
Babcock and Wilcox Ltd. Metafiltration Ltd. vi 
British Thomson-Houston Comttds xix Metallic Seamless Tubes Co. Ltd. XXIV 
Brookhirst Switchgear Ltd. Vii Metropolitan Vickers Electrical Co. Ltd. 
Cable Makers Association Mullard Ltd. (Valves) xi 
Chamberlain and Hookham Ltd. XXVi Nalder B iil 
Ciba (A. R. L.) Ltd g alder Bros. and Thompson Ltd. iii 
C. A. Parsons and Co. Ltd. 
Dewhurst and Partner Ltd. Xxi Tel icati i 
Donovan Electrical Co. Ltd. XXXII ie ad aga ie 
Doulton Industrial Porcelains Ltd. ii Record Electrical Co. Ltd. XXXi 
Dussek Bros. Ltd. XXViii Reyrolle and Co. Ltd. xiv 
: ; Richard Johnson and Nephew Ltd. XX 
Electro Mechanical Manufacturing Co. Ltd. XXX Richard Thomas and Baldwins Ltd. XXVIII 
English Electric Co. Ltd. : 
oe Serck Radiators Ltd. 
Ferguson Pailin Ltd. Simon-Carves Ltd. XXii 
Ferranti Ltd. i South Wales Switchgear Ltd. XXVi 
. é Le as Spiral Tube Co. Ltd. Xxii 
General Electric Co. Ltd. (Eng. Dept. Witton) xii & Xili : 
General Electric Co. Ltd. (Erith Witton Turbo) iv &V cua Seen ve ; oe CATE eh 
‘jeneral Electric Co. Ltd. (Telecommunications) xvi icine a Encincenae Conlid : 
W. T. Glover and Co. Ltd. xxVi 8 eros es 
=|, Green and Son Ltd. Taylor Tunnicliff & Co. Ltd. XXXiV 
Hackbridge and Hewittic Electric Co. Ltd. XXV Theres ea eae ae 
Heenan & Froude Ltd. Vili Wakefield-Dick Industrial Oils Ltd. 
Henley’s Telegraph Works Ltd. - G. and J. Weir Ltd. XXiX 
Be al Combustion Lté : Hoge Westinghouse Brake and Signal Co. Ltd. XV 
Zenith Electric Co. Ltd. XXVili 


Tsopad Ltd. XXlil 


L00KV 
FLASH TESTER 


TYPE P.200 


The 100 kV Flash Tester Type P.200 has been designed for A.C. and D.C. 
testing of insulating materials and component dielectric at very high voltage. 
It not only provides a heavy current for breakdown but also incorporates a 
sensitive indication of ionisation and leakage currents. 


A continuously variable output voltage of from 0-140kV peak 
A.C. at 50 c/s or 0-140 kV D.C. is obtained from an E.H.T. Unit which 
is housed in a steel, oil filled case mounted on wheels. A control unit, installed 
at any distance up to 36 feet away and electrically isolated from the E.H.T. 
source, provides a remote control facility which can be operated with 
absolute safety. 


' The Control Unit contains a meter with an associated switch for the 
measurement of A.C. or D.C. output voltages and leakage current. The 
leakage current may be measured in two ranges 0-500 microamps and 
0-5 milliamps. 

A 2.3/4” Cathode Ray Tube is also incorporated on which either the 
leakage current or applied voltage waveforms may be presented, or an 
elliptical trace provided for the display of ionisation currents. In addition, the 
presence of ionisation currents is audibly indicated by a loudspeaker. 


MMEDIATE DELIVERY 


¥-ite for full details to 


AIRMEC HIGH WYCOMBE BUCKINGHAMSHIRE ENGLAND 


D Telephone: High Wycombe 2060 Cables: Airmec, High Wycombe 
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with STURTEVANT PLANT 


Unburnt carbon, grit and dust, 
carried in the flue gases from 
large boiler installations 


are effectively collected 


by 


Uskmouth “A” Generating Station where 12 
Sturtevant Precipitators are installed. 


STURTEVANT 
ELECTROSTATIC PRECIPITATORS 


Hundreds of Sturtevant Precipitators are in opera- 
tion in many parts of the world collecting 96% to 99% 


of the solid impurities entrained in flue gases. 


Sturtevant make dry or irrigated precipitators of 


re s> 


all types—tubular, plate, single or dual voltage, and i 
Sturtevant engineers are ready to collaborate in the 


application of this range of plant. 


Full information of Sturtevant Electrostatic Precipitators 
is given in our publication N.7009. 


Sturtevant Precipitators installed on the 
boiler plant of a large chemical works. 


STURTEVANT 


AUSTRALIA : 
STURTEVANT ENGINEERING CO. (AUSTRALASIA) LTD. 400, SUSSEX STREET, SYDNEY, NS.W. 


The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
An example of the preferred form of bibliographical references will be found beneath the list of contents. 


THE PROCEEDINGS OF 
PHE INSTITUTION OF ELECTRICAL ENGINEERS 


EDITED UNDER THE SUPERINTENDENCE OF W. K. BRASHER, C.B.E., M.A., M.I.E.E., SECRETARY 


woos 105. PART A. No. 22. 


AUGUST 1958 


921.365.2: 621.3.016.33 


The Institution of Electrical Engineers 
Paper No. 2456 U 
Dec. 1957 


SUPPLY-VOLTAGE AND CURRENT VARIATIONS PRODUCED BY A 60-TON 3-PHASE 
ELECTRIC ARC FURNACE 
By B. C. ROBINSON, M.Sc., Ph.D., Member, and A. I. WINDER. 
The paper was first received 30th April, and in revised form 2nd October, 1957. It was published in December, 1957, and was read before 


the NORTH-EASTERN CENTRE 10th February, a joint meeting of the UTILIZATION and SuppLy SECTIONS 13th February, the SHEFFIELD 
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SUMMARY 


The use of electric arc furnaces for the production of high-grade 
teels is becoming increasingly common. At the same time the size 
of the new furnaces is being increased to permit the melting of larger 
juantities of metal at a time. An arc furnace does, however, present 
} number of difficulties to the supply engineer on account of the rapid 
‘ariations of load which it produces. 

The first 60-ton arc furnace in this country was installed at the end 
»f 1954, and it was felt desirable to determine what effect it had on 
hie supply network. The electric power for the furnace was obtained 
rom a temporary connection to the 66kV system through a 66/11 kV 
S5MVA transformer, pending the provision of a permanent supply 
irect from a 132/66kV supply point. During tests on the 11 kV line, 
oltage fluctuations from about 75 to nearly 150% of normal voltage 
yere recorded. These can be shown to be due to unstable arcing 
onditions in the furnace and to the impedance of the supply network. 
falculations indicate that about 17% of these voltage variations were 
troduced on the 66kV network. 
| During the initial period of a melt, arcing conditions are very 
snstable owing to the conditions in the furnace. Initially the metal 
‘ cold and forms a poor arcing electrode. Also, since the charge is 
omposed of scrap material it is liable to collapse from time to time, 
nort-circuiting an arc. 

‘ Alternatively, owing to a previous over-current surge the electrode 
ontrol-gear may withdraw the electrode too far, causing the arc to 
2 extinguished. These initial fluctuations may take place several 
mes a minute with an amplitude of several hundred amperes. As the 
wed begins to melt the power input is increased, and records show 
jat unbalanced currents of about 1500amp may occur on the 11 kV 
stem. 

| Measurements indicate that the actual voltage drop across the arcs 
wtween the electrodes and the charge may vary between about 110 

d 400 volts, depending on the furnace conditions. 

Since the various voltages in the circuit are all magnetically coupled 
yey are uniformly distributed through the various windings, and no 
oe: ‘al reinforcement of the transformer end-turn insulation is required, 
i iv the case of lightning surges. 


LIST OF PRINCIPAL SYMBOLS 


| 

| Tp, etc. = Phase current in substation transformer (11 kV). 
iey, etc. = Phase current in furnace transformer (11 kV). 
: 
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k = Arc-furnace transformer ratio. 
L; = Equivalent inductance of substation transformer. 
L, = Equivalent inductance of furnace transformer and 
leads. 
V = Arc-voltage drop. 
V;= Supply voltage. 
(Vs)ry, etc. = Supply-voltage phase RY [ = Vssin (wt + ¢)], 
etc. 
= Arc voltage in phase RY referred to the 11kV 
winding. 
(Up), etc. = Reactance drop in substation transformer phase R. 
(vr)r, etc. = Terminal voltage of substation transformer to 
earth (phase R). 
(Ur)ry, etc. = Terminal voltage of furnace transformer (phase to 
phase) (phase RY). 
d = Phase angle between arc-voltage phase R and 
supply-voltage phase RY. 


(1) INTRODUCTION 


Electric arc furnaces are now being employed on an increasing 
scale for the production of steel. Originally they were only 
used for the production of high-grade alloys. However, with the 
development of large furnaces it is becoming an economic 
proposition to use them for making commercial steels. 

From the supply engineer’s standpoint an electric arc furnace 
forms a heavy load which is not without its difficulties. These 
have been the subject of several papers, particularly in America, 
where arc furnaces are commoner than in this country. Most 
of these papers appear to be concerned with one of two troubles 
—the presence of abnormal voltages and the flickering of lights 
in the neighbourhood owing to variations of supply voltages. 
In a number of cases these over-voltages have been attributed to 
switching surges.!» 2.3.4 There is also some evidence that over- 
voltages occurring in arc furnaces may be connected with other 
aspects of furnace operation such as arc-current interruption.? 
One of the authors has also shown in a previous paper? that in 
some arc furnace units excess voltages may be produced by 
connecting transformers and series reactors in the wrong order 
relative to the supply-voltage phase sequence. 

The problem of the light flicker produced by electric arc 

13 
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furnaces has been the subject of several papers in United States.o!! 
From these it would appear that the maximum sensitivity of the 
eye to flicker occurs with a frequency of about 6-8 c/s, when 
some 50% of the people tested can detect a periodic change of 
about 0:5% in the voltage supply and over 90% of people can 
detect a 1% change in the supply voltage to a tungsten lamp. 
Discharge lamps are less sensitive to flicker-voltage varia- 
tion. This flicker appears to be caused by the regulation voltage 
drop in the supply network as the current taken by the furnace 
varies. The authors themselves have noticed lamp flicker pro- 
duced by the furnace they were testing when they were several 
miles away. According to Ramsaur and Treweek? the system 
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Fig. 1.—Relation between arc-furnace transformer rating and recom- 
mended minimum supply-system short-circuit capacity [Ramsaur 
and Treweek9]. 


short-circuit should not be less than the value given in Fig. 1. 


It appears that American practice is to work to about 13% 
flicker voltage. 


(2) ARC-FURNACE INVESTIGATIONS 
(2.1) Description of Plant and Equipment 


Towards the end of 1954 a new arc furnace was completed at 
Stocksbridge which was designed for a charge of 60 tons of steel, 
though later experience has shown that pours of 70 tons are 
easily obtainable. This was the largest furnace of its type in the 
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country and probably in Europe. As this size of furnace was 
likely to be installed elsewhere if the operation of the first unit 
was found to be technically and economically successful, it was 
felt desirable to investigate the likelihood of any excess voltages 
occurring at its terminals and thus being fed into the supply 
network. It would also be possible to decide whether any 
protective measures were desirable. 

The general construction of the furnace follows the usual 
lines and has been described in detail elsewhere,!*,!> but a brief 
description is included to assist in the appreciation of the 
problems involved. The furnace itself consists of a large steel 
crucible lined with refractory material and having an inside 
diameter of about 16ft. The removable lid is made of similar 
material and is arranged so that it may be raised and swung 
to one side to enable the furnace to be charged with scrap. 
This is placed in the crucible from a large hopper or bucket 
with a removable bottom. 

The three arcing electrodes are 20in diameter and enter the 
furnace through holes in the roof. They extend down to the 
charge itself, and the arcs take place between the electrodes and 
the charge. The electrodes are raised or lowered on to the 
charge, either manually or by automatic control which is actuated 
by the electrode voltages and currents. 

The electric arcs form a peculiar load, since they have a 
negative impedance which causes the current to increase as the 
voltage decreases. In order to obtain stable operation, it is 
necessary to have a positive impedance in the circuit. In the 
case of the furnace considered, this is provided by the inherent 
inductance of the furnace transformer and its leads. In other 
installations it may be necessary to add reactance in the trans- 
former h.v. circuit. 

The transformer supplying the power to the arcing electrodes 
of a furnace is situated as close as possible to the furnace on 
account of the heavy secondary currents involved. The Lv. 
winding of the transformer is usually delta-connected to reduce 
the actual winding currents. The h.v. winding may be either 
star- or delta-connected and usually contains some form of 
tapping winding to enable the secondary voltage to be varied as 
demanded by the furnace conditions or power required. 

In the plant investigated the furnace transformer had an 
11 kV primary winding and gave a variable output of 90-325 volts 
which was directly connected to the furnace electrodes through 
multiple flexible leads. The ‘transformer’ itself was really two 
transformers, as shown in Fig. 2. The first was connected 
delta-star with a secondary winding giving a variable output of 
6:092-22kV through on-load tap-changing gear. The second 
transformer was connected star-delta and had a fixed ratio of 
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Fig. 2.—Circuit diagram for substation and arc furnace during tests. 


PRODUCED BY A 60-TON 3-PHASE ELECTRIC ARC FURNACE 


22kV to 325 volts. The transformer was supplied from a tee 

line on the 66kV feeder through a 15 MVA 66/11kV star-star 

step-down transformer. Whilst the tests described in the paper 
were in progress, arrangements were being made to transfer the 
tee line to a new substation being built on a neighbouring 132 kV 

Grid line. The furnace auxiliaries were all operated from the 

works 11 kV ring main, which was fed from another substation. 

The authors carried out two series of tests on the above plant 
to try to measure any excess voltages which might be produced 
by the furnace and to obtain data which might assist a theoretical 
investigation to explain these voltages. It was only possible to 
make connections to the circuit at the transformer terminals or 
other exposed points on the system, so any measurement of 
internal voltages was precluded. Examination of the circuit 
showed that the most convenient point to measure any excess 
voltages which might occur on the supply network was at the 
11kV terminals of the 66/11kV star-star transformer. Since 
this winding is earthed any excess voltages appearing on the 
terminal may be considered in terms of voltages to earth. The 
- 11kV system had the added advantage that the ratio of the 
potential dividers required would be lower. Capacitance 
potential dividers were chosen in preference to voltage trans- 
formers on the grounds of convenience and frequency response. 
The h.v. capacitors were made from six units of 1 200pF each 
with a surge working voltage of 15kV in series. This conformed 
vith the general line insulation level of 90kV. 

As the voltages to be measured were likely to occur at random 
and were of unknown frequency and magnitude, it was decided 
that the most suitable instrument for measuring them was a 
continuously-recording cathode-ray oscillograph. It was there- 
' fore decided to build a four-tube instrument and to deflect the 
_ beams along the line of tubes. The traces thus produced were 
| photographed on a continuously-moving film whose direction 
of movement was perpendicular to the axis of deflection. This 
gave the records as a band whose width was proportional to the 
oscillograph deflection and thus to the voltage on the deflection 
plates. Two film speeds of about 3 in/min and 4 ft/min were tried, 
but the latter was found to be more suitable as it permitted 
every cycle of the supply voltage to be inspected and thus enabled 
the duration of the surges to be ascertained. Three of the 
oscillograph tubes were connected to record the voltages to 
earth on the three 11 kV phases. The fourth tube was connected 
through an amplifier to a shunt resistor energized from the 
secondary winding of a current transformer on the yellow phase. 
Arrangements were also made to short-circuit this shunt 
mechanically once every minute to provide a time scale. 

In addition to these low-speed records a number of oscillo- 
grams using an ordinary oscilloscope were taken to show the 
, waveforms of the 11kV voltage to earth and the phase current. 
It was hoped that these would provide confirmatory evidence for 
any theoretical analysis which might be attempted. 

A second series of records were taken of the current in each 
»of the 11kV lines using a 3-phase recording ammeter with a 
chart speed of 3in/min. A synchronized time marking on the 
charts permitted these records to be correlated with the voltage 
oscillograms. 

During one of the melts in the furnace, records were taken 
on both the moving-film oscillograph and the oscilloscope of 
ltbe voltage between the furnace electrodes and the bath. It 
\was not considered practicable to connect to the actual charge 
tin the furnace, but connection was made to an electrode per- 

manently embedded in the furnace lining. This was used to 
provide a reasonable conducting path from the charge to the 
veerthed casing of the furnace, particularly when the furnace 
rwas hot, and to provide an earth reference point for the 
be'ctrode-charge voltage for the operation of the electrode control 


307 


gear. It was hoped to obtain from these measurements an 
approximate value for the furnace arc-voltage drop for use in 
theoretical analyses, and at the same time to obtain some 
evidence of the general behaviour of the arcs during the unstable 
melting process. 

Experience during the tests showed that the furnace operation 
was unstable for the first two to four hours of each melt, and 
then fairly steady conditions were maintained during the 
remainder of the time. It was usual to put a second basket of 
scrap into the furnace when the first was melted, i.e. after about 
14 or 2 hours. It was during the unstable period that the 
abnormal voltages were observed. In the authors’ opinion this 
precluded the possibility of the surges being caused by switching 
operations on the connected network. 

The unstable arcing conditions observed at the beginning of 
the melt can be attributed to a number of causes. Probably the 
primary factor was that the cold charge provides a very poor 
arcing electrode owing to its poor electron emissive properties 
and to the rate at which it will conduct the heat away from the 
arc itself. Another cause is that initially the charge will melt 
round the tips of the electrodes, which gradually bore down into 
the scrap. When the walls of these holes become too high they 
collapse on to the electrode, causing a short-circuit on that arc. 
The automatic electrode control-gear will then withdraw the 
electrode and may cause extinction of the arc if it over-runs. 
Alternatively, an arc may be extinguished through a collapse of 
the charge beneath it. Of course, various intermediate arcing 
conditions exist with varying arc-voltage drops and currents, 
depending on the length of the arc, the temperature of the 
electrodes and their thermal conductivity. Stable arcing con- 
ditions are obtained when the charge has melted, and, being 
hot, it forms a good thermionic emitting surface. 


(2.2) Test Results 


It is proposed to discuss the various phenomena which the 
tests have demonstrated in separate Sections rather than to deal 
with each type of recording separately. 


(2.2.1) Voltage Variation with Load. 


As already mentioned the furnace was fed through a 66/11kV 
transformer connected to a temporary tee on the 66kV network. 
As a result of this, the effective impedance between the 11 kV 
busbars and the power stations connected to the system was 
about 15%, which was nearly all reactive. The greater portion 
of this impedance was, of course, in the 66/11 kV transformer. 
Variations of about 500 amp through this impedance will produce 
voltage variations of 2-3 °% of the supply voltage. This variation 
of voltage with current is clearly shown in Fig. 3, where variations 
of about 11° took place. The figures on this record, as in 
other charts and records given in the paper, indicate the time 
from the beginning of the melt. It is perhaps interesting to note 
that the frequency of the fluctuations is about 75 cycles per 
minute. Voltages as low as 75% of the open-circuit voltage 
were recorded occasionally during the tests. This voltage drop 
is also probably partly due to the influence of the arc waveform 
in a manner similar to the excess voltages discussed later. 


(2.2.2) Excess Voltages. 


The principal object of the investigation was to determine the 
frequency and magnitude of any excess voltages which might 
occur. The total recording time was about 24 hours, divided 
over six melts. It was mainly concentrated on the first two or 
three hours of the melts, as this was the period when most excess 
voltages were observed to occur. Fig. 4 shows a curve giving 
the total number of excess voltages over a certain value as a 
function of the surge voltage. Most of the surges were observed 
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showing variation of voltage with current. 


(a) Current in yellow phase. 

(b) Voltage to earth, blue phase. 
(c) Voltage to earth, yellow phase. 
(d) Voltage to earth, red phase. 


to last for about one-half or one cycle. 
Fig. 5 is a record showing a large number 
of excess voltages occurring in a short 
period. The majority of these are small 
in magnitude. 


(2.2.3) Ammeter Records. 

The ammeter records of the currents in 
the three phases of the 11 kV supply give 
some interesting information regarding 
the variations of load between the phases 
with time. The nature of the records, 
of course, preclude any detailed cycle- 
by-cycle study. Fig. 6 shows a typical 
record taken during the early stages of 
a melt. It will be seen that the currents 
vary rapidly over a range of several 
hundred amperes. 

Fig. 7 was taken later on in a melt 
when the current had increased to its 
maximum. This record shows how two 
arcs may be carrying a much heavier current than the third, and 
how the heavy current may change from one phase to another 
(in this case from blue to red) without appreciably affecting 
the third (yellow phase). 

Fig. 8 shows a period with heavy currents of nearly 1500 amp 
followed by the extinction of one of the arcs (blue phase). 
About a minute after this arc has restruck, the arc in another 
phase is extinguished. 


(2.2.4) Are Voltages. 


A number of oscillograms were taken of the arc waveform to 
see how closely it approximated to the ideal rectangular shape 
assumed in the theoretical investigations, and to obtain an 
approximate value for the arc-voltage drop when plotting the 
theoretical curves. Typical examples are shown in Fig. 9, 
together with approximate values of the peak voltage. 

The oscillograms indicated that the maximum value of the 
equivalent rectangular voltage was about 190 volts, but peak 
values of about 410 volts were obtained owing to irregularities 
in the waveform. 

The oscillograms show a wide variety of waveshapes, from the 
more or less rectangular shape in Fig. 9(a) to the more compli- 
cated shapes. Fig. 9(c) shows a distinct unsymmetrical waveform. 
The pointed half-wave occurred with the electrode positive with 


NUMBER OF SURGES 


4.—Number of surges which exceeded a giver 
percentage of the normal transformer open: 
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Fig. 


Fig. 5.—Voltages and current on the 11kV supply to the are furnace 
transformer showing various over-voltages. 


The arrow indicates a surge of 143% normal voltage on record (c). 


(a) Current, yellow phase. 
(5) Voltage to earth, blue phase. 


(c) Voltage to earth, yellow phase. 
(d) Voltage to earth, red phase. 


Time: 14min 53sec. Duration of oscillogram: 7 sec. 


respect to the charge, which would conform to the condition that 
a cold charge would provide a poor electron emitting surface. 
Figs. 9(d) and 9(e) show variations occurring from cycle to cycle. 
Fig. 9(e) is particularly interesting as it shows the commencement 
of a short-circuit from the electrode to the charge. 

Fig. 10 shows an oscillogram of the transformer l.v. terminal 
corresponding to Fig. 9(e). It will be seen that the voltage here 
does not drop appreciably when the short-circuit occurs. The 
additional voltage difference between the two oscillograms afte 
the short-circuit is dropped in the reactance of the leads betweer 
the transformer terminal and the electrode clamp by the additiona 
current flowing. 

The oscillograms indicate that the mean voltage drop corre 
sponding to a rectangular waveform between the electrode clamy 
and the charge was about 110-200 volts. This formed the basi: 
of the value of 190 volts assumed for the theoretical waveforms 
The maximum peak value measured was about 410 volts, whicl) 
would correspond to 325,/(2/3) or the voltage between ai 
electrode and the bath when the arc between them was extin 
guished under 2-phase arcing conditions. 

A moving-film oscillogram of the arc voltage, showing th: 
variations in voltage soon after switching on, is shown in Fig. 11) 
It will be noted that considerable variations in arc voltage taki 
place. It appears that single arcs are extinguished several time. 
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Fig. 6.—Chart from recording ammeter on the 11kV supply to the arc-furnace transformer. 
(a) Blue phase. (b) Yellow phase. (c) Red phase. 
The time is in minutes from the commencement of the melt. 
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Fig. 7.—Chart from recording ammeter on the 11kV supply to the arc-furnace transformer, showing large current variations. 


(a) Blue phase. (b) Yellow phase. (c) Red phase. 
The time is in minutes from the commencement of the melt. 
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Fig. 8.—Chart from recording ammeter on the 11 kV supply to the arc-furnace transformer, showing large current variations. 
(a) Blue phase. (b) Yellow phase. (c) Red phase. 
The time is in minutes from the commencement of the melt. 
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Fig. 10.—Voltage at furnace transformer terminal corresponding to| 
Fig. 9(e). 


The difference between these oscillograms represents the voltage drop in the lea 
(a) (Db) between the transformer and the electrode clamps. 


during the period covered by this record. These are due to 

short-circuits to the charge and are probably caused by the 

scrap metal collapsing on to the electrodes. A small voltage 

ea VV N | (39 volts) is shown on the oscillogram during these short-circuits; 
\: , : this is due to electrode and charge-impedance voltage drop an 
to induced voltages in the measuring leads. A typical record of 

an unsteady period of arcing which was taken nearly half an 

hour later is shown in Fig. 12. One characteristic of the are- 

(C) (d) voltage variations is clearly shown in the top trace. The arc 
voltage drops suddenly from what might be considered to be ai 

normal value to a low value, but its increase to the previous 

i value takes place comparatively slowly. This is probably du 

al ge, Fay wavava | to a collapse of the charge causing a sudden shortening of the 
\ arc length, followed by the slower movement of the electrode 

a control-gear to compensate for the change. 


(3) THEORETICAL EVALUATION OF THE VOLTAGES OD 
(€) (f) THE 11kV BUSBARS 


Fig. 9.—Typical arc voltage waveforms. It is possible to analyse the furnace supply circuit and obtair 
The voltages are recorded between the electrode clamp and the electrode buried in expressions for the voltages on the 11kV network if cer 


the furnace lining. assumptions are made as below. Some of these assumptions am 
Maximum voltages of oscillograms (peak to peak) abr : z : ; 
() 450 volts: (b) 740 volts. similar to those made in a previous paper on are furnace voltages.: 

(c) 600 volts. (d) 690 volts. 


(e) 540 volts. (f) 780 volts. (a) The are waveform is rectangular. 
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(a) 


(5) 


(©) 


Fig. 11.—Oscillogram showing variation of are voltages soon after switching 
/ on (time, 3min 5 sec). 
Voltages are taken at the arrow. 


(a) Red phase: 225 volts. 
(b) Yellow phase: 39 volts. 
(c) Blue phase: 166 volts. 


Duration of record: about 7 sec. 


Fig. 12.—Oscillogram showing variation of arc voltages 27min after switching on. 
Voltages are taken at the arrow. 


(a) Red phase: 226 volts. 
(b) Yellow phase: 228 volts. 
(c) Blue phase: 179 volts. 


Duration of record: about 7 sec. 


(6) The arc restrikes in the opposite direction immediately it is 
extinguished in the first direction. 


(c) The furnace lead reactance and the furnace transformer CALCULATED VOLTAGE OBSERVED VOLTAGE 


reactance may be represented by lumped reactors in the delta loop 
of the transformer. er OaAY 

(d) The 66/11kV substation transformer reactance may be ' 
represented by a reactor in series with each of the l.v. windings. 

(e) By Thévenin’s theorem the impedance of the network is the 
impedance between the substation transformer and the various 
power stations supplying the system in parallel. It is necessary, for 
simplicity, to ignore the shunt impedances of the various loads on 
the network, but these are relatively large compared with the line 
impedances. This impedance was assumed to be in series with the 
substation transformer reactance. 

(f) The furnace transformer may be treated as a single delta- 
delta unit of suitable ratio. 


It is also necessary to assume certain simple operating con- 
litions of the furnace as follows: 


(i) Three-phase arcing from all three electrodes. 

(ii) Two electrodes arcing and the third electrode short-circuited 
to the charge. 

(iii) Two electrodes arcing and the third electrode open-circuited 
20 the charge. 


NORMAL__--~. 


VOLTAGE 16-4 kV,” 


A detailed analysis of the circuit is given in Section 8. The | 
‘culated waveforms are given in Figs. 13-15, together with Le et ees 
llograms taken during the tests, which exhibit a similarity (c) 
sdicating that similar conditions must have existed. Dotted 


\o-izontal lines on the curves indicate the peak of the supply Fig. 13.—Voltages and currents with 3-phase arcing, 
lore : i (a) Substation transformer voltages to earth. 
\oltage [assumed to be 11-6kV (r.m.s.)]. The other dotted lines serge wee paola 


ae-cate the effect of increasing the peak of the arc voltage to (c) Furnace transformer voltages between phases. 
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Fig. 14.—Voltages and currents with 2-phase arcing, and third arc short-circuited. 


(a) Substation transformer voltages to earth. 
(b) 11 kV phase currents. 
(c) Furnace transformer voltages between phases. 
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Fig. 15.—Voltages and currents with 2-phase arcing, and third arc, phase B, extinguished. } 
(a) Substation transformer voltages to earth. j 
(6) 11kV phase currents. 


(c) Furnace transformer voltages between phases. 
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0% above the mean value, which was assumed to be 190 volts 
or the first two conditions and 150 volts for the third, since 
90 volts was not theoretically possible. 


(4) COMPARISON BETWEEN THEORETICAL AND TEST 
RESULTS 

The oscillograms in Figs. 12-15 show a certain similarity 
etween the test and theoretical voltage waveforms on the 11 kV 
etwork. As would be expected the test waveforms are not 
o clear cut in shape as the theoretical curves owing to the 
eviation of the arc waveform from the theoretical rectangular 
hape. If the arc-voltage drops assumed have a peak value 50% 
bove the mean rectangular value, the theoretical maximum 
oltages at the substation transformer l.v. terminals are as given 
n Table 1. 

These voltages are somewhat lower than those indicated 
n Fig. 4, but are comparable with the lower portion of the 


Table 1 


Percentage of 
normal voltage 


Condition 


3-phase arcing she ae Me 
2-phase arcing—arc short-circuited 
2-phase arcing—arc extinguished 


urve. The value of 50% assumed for the peak deviations of 
he arc waveform from the regular rectangular shape is some- 
vhat arbitrary. The maximum voltage of 13-5kV, or 143% 
1orma] voltage as measured during the tests, would theoretically 
equire an arc-voltage drop of about 340 volts, which is guite 
vithin the measured range of arc voltage. 

The theoretical calculations indicate that serious over-voltages 
nay also be anticipated on the furnace transformer itself. The 
naximum stress then occurs with one arc extinguished, when a 
10% over-voltage gives 20:8kV transformer voltage, or 127% 
f the normal voltage. This is of the same order as those on the 
ubstation transformer given in Table 1. 


(4.1) Supply-Veltage Fluctuations 


An estimate of the probable variations which may occur on 
he substation transformer h.v. winding may be made from a 
onsideration of the impedances of the network. Using 
hévenin’s theorem the impedance of the network may be 
valuated ‘looking in’ from the substation and including the 
arious power-station impedances. This was found to be 
83 +77:2 ohms. The substation transformer impedance 
eferred to the h.v. winding was 36:3 ohms. This means that 
bout 17% of the 11kV fluctuations occurred on the 66kV 
ystem. Assuming fluctuations of 25% Jine voltage, which is 
- conservative measured maximum value, this means that 
luctuations of about 4% of the supply voltage occurred on the 
6kV distribution system. The authors found it possible to 
ibserve fluctuations due to the furnace in the lighting supply 
Sout two miles from the furnace. These were not sufficient to 
suse any annoyance, but they did hear reports of more severe 
isturbances in the neighbourhood of the furnace. 


(5) CONCLUSIONS 


An electric arc furnace has long been recognized as a rather 
cult load for the supply engineer, since it produces large rapid 
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fluctuations in load current. These are clearly shown in the 
ammeter records reproduced in Figs. 6-8. These fluctuations 
in current produce voltage variations on the connected power 
systems in the neighbourhood unless these have a sufficiently 
low impedance to carry the load without undue voltage drop. 
In the plant tested it is estimated that fluctuations of 3 or 4% 
of the 66kV line voltage will occur. This is sufficient to produce 
noticeable voltage variations on the neighbouring distribution 
systems. The line short-circuit capacity at the substation was 
estimated at 5OOMVA. Compared with the furnace trans- 
formers’ capacity of 15 MVA this gives a ratio of 33:1. It is 
less than the minimum capacity ratio of 51:1 recommended by 
Ramsaur and Treweek? and shown in Fig. 1. Since the tests were 
carried out, supply-system extensions in the neighbourhood have 
enabled the furnace supply to be obtained from a nearby 
132/66kV supply point baving a lower impedance. 
Over-voltages of nearly 50% above the normal line voltages 
were measured during the tests. From the theoretical analysis 
it appears that these are due to the different waveforms produced 
by the power stations and by the arcs. These voltages will be 
uniformly distributed throughout the windings, and are con- 
nected with the main fluxes of the transformers. It is therefore 
unnecessary to provide the transformers with reinforced end 
insulation as is necessary for lightning surges. It is, however, 
usuaJ to build furnace transformers with a higher level of 
insulation than is necessary with normal service transformers. 
The voltages across the arcs appear to vary over a very wide 
range, judging from the approximate values obtained from tests. 
The minimum value obtained was about 110 volts for normal 
arcing conditions. The maximum value for an arc voltage 
which resembled a rectangular waveform was about 200 volts. 
This is also about the maximum theoretical rectangular arc 
voltage obtainable. Other irregular arc voltages were recorded 
with peaks up to about 400 volts. Hence, when attempting to 
evaluate the maximum voltages likely to occur in a particular 
part of the circuit, it would seem desirable to assume the maxi- 
mum rectangular voltage possible and then increase the arc- 
voltage component by, say, 75% over-voltage to allow for these 
irregular conditions. The curve in Fig. 4 shows that most of the 
over-voltages on the transformers have a much lower value 
corresponding to a lower or more regular arc-voltage waveform. 
The charts from the recording ammeter show that it is possible 
to have currents varying from about 1 500 amp to zero in one or 
two minutes in extreme cases, as in Fig. 8. This is about twice 
the normal rated current of the transformers. During the 
initial portion of the melting or ‘cogging down’ process, current 
variations of about 500 amp occur very frequently, as in Fig. 6. 
These may go on continuously for considerable periods. The 
voltage changes taking place simultaneously with these current 
fluctuations were clearly visible on a lamp fed from the 11kV 
system. Owing to the short duration of these excess currents, 
they do not involve any thermal overloading of the transformers. 
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(8) APPENDIX—ANALYSIS OF ARCING CONDITIONS 


The basic circuit for analysis as developed using the assump- 
tions made in Section 3 is given in Fig. 16. 


(8.1) General Circuit Relations 


Writing down the general equations for the three phases of 
the 11kV network as shown in Fig. 16 and using the symbols 
previously defined: 


For phase RY, 
dl di dl 
(Vs)ay =I, - a R _ <r) +L, area r URy - (1) 
: dal dl dl 
or Vssin(wt + 4) =L; <_<) + In— > + PRy (2) 
—— 66kV—+} 


HIKV 
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Similarly, for phase YB, 


diytledls dice 


27 
i — )\ = senha Se v 3 
Vssin (wt + $+ ~) (= 2) +a + YB (3) 
and for phase BR, 
% tr dIz dIp dIpr 
ee\ie= See es v 4 
Vssin (wt + $+ a) L, BF ) +1 + Upp (4) 


By Kirchhoff’s laws, at the terminals of the furnace transformer, 
Ip = Ipy — Ipr (5) 
Iy = Iyp — Try 


Iz = Ipr — Lyg 


Substituting eqns. (5)-(7) in eqn. (2), 


; d 
Vs sin (wt + ¢) = Ly7,Ury — Ipr — Iyp + Iry) 

dpy ‘ 

os Loe + Upy (8) | 
Since there is no delta circulating current, 
Ipy + Iyp + Ipp = 9 
‘ dl dl 
Vs sin (wt + p) = ies + Ta + URY (10) 


din al 
dt aT) + L|"s sin (wt -++ ) Vry| ad 1) 
Similarly, | 
dian Ant | 
dea OTe Z| ¥s all (or tea =) eon | (12) 


Subtracting eqns. (11) and (12) and integrating, 


In = Ipy —Ipr 


J . 
= | {¥s| sin (wt + ¢) — sin (wt+¢ +%)| 


= Cry vont (13) 


>|+— FURNACE VOLTAGE—— 


FURNACE 
}+———— SUBSTATION TRANSFORMER ————+be = —— 
TRANSFORMER 


Fig. 16.—Equivalent circuit for supply of arc furnace from 66 kV Grid. 
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(6) | 
(7) 
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=| [2rsc0s (wr +g +2 =) sin (— z 


= (ny 7) dt (14) 


s 1 27 
=| | —W/9¥5cos (wr +4 +2) 


= (Oy oon) ab (id) 


Hence the reactance voltage in phase R is 


UR) R = Sic : A : - 5 6 3 : : 5 A a (16) 
a ry 27 
=| Vy COs (wt aL ++ =) +- (Upy — om | 

(17) 
The voltage at the substation transformer terminal will be 
(Or)rp = ne — (p)p (18) 
57 L, 
a t i 
3 sin ( | a Vase 


ci. cos (w +h+ =) + Upy — von | (19) 


Vs 3h ) * 
73 aL, +L sin (w+ ¢ =) 
L, 
aL. a: rR” Upr) (20) 
Vs 
23 31,45 + Boo (or 2 ag 
Ly 
5h E, (Ory — Vgr) (21) 
Similarly, 
Vs Ly *) 
os iti we ee 
(Ur)y V3 30, + Ly sin (w +¢ 
1 
a eeares (Vyp — UpRy) (22) 
Vs L, F ( >) 
( a5 Se is — 
(Ur) p Paes © ++ 5 
TE, 
a aL, bE, — Vyp) (23) 


Similarly the furnace transformer voltages may be derived 
from eqns. (11), (12), etc.: 


(pry = ee + URy (24) 

=HL Vs sin (wt + d) 4 aH" py (2) 
(er) yz = =725, Vs sin (w +h+— =) + 45 yp (26) 
(Vr) pr =7 25 Vs sin (wt +¢+ ) AG Vpr (27) 
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(8.2) 3-Phase Arcing 
Let the arc voltage in phase R be written as 
Vor = Vsq(wt) (28) 
2 
and Voy = Vsq (wt + =) (29) 
Usp = Vsq (wt sr (30) 


It can be shown that the arc voltages referred to the h.v. side 
of the furnace transformer may be written as 


Upy = Vk sa (wt ++ a — sa(w (31) 
Vyp = Vk sa (wt + ) — sq (wt ++ 2 (32) 
Bae ye sae — sq (wt a | (33) 


Hence, from eqn. (15), 


1 ig 
Seek | Vs) cos (w1 SF p +=) 


=n oon | dt (34) 


Tr 


I 
_ 8hse Ls 


— ve | sa (wt = a — 2sq (wt) + sq (ws -- =) ak (35) 


since the are current in phase R must vanish when the arc voltage 
passes through zero, i.e. when wt = 0. From the circuit it can 
also be shown that Jp = 0 when wt = 0. 


{-¥¥ sin (wr +h+ 2) 


1 1 
+2+ 3) (6) 


a es V2 ae ( : =) ae 


The evaluation of the integrals is given in Reference 5. 


4a Vk 


sin (wt 4 2) =; ee (37) 
sin (wt ) = a im (38) 


Consideration of the possible phase relationships adds the 
additional condition 


> goer 


From eqn. (21) the substation transformer voltage is given by 


Lge eee, 
Fl te 


sin (or +g — 2 


(pr = 6 


VEL, 


rer  sa(or + ais) —2sq (wt) +sq (wr + =) | (39) 


And the furnace transformer voltage is given by eqn. (25): 


_ Shy 
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= 35 1,582 t+ d) 
1 


3L, 27 al 


These voltages are plotted in Fig. 13. 


zn (40) 


(8.3) Two-Phase Arcing—One Arc Short-Circuited 


Assume the arc in phase B is short-circuited. It is then shown 
in the previous paper5 that the furnace transformer I.v. winding 
and arc voltages may be written [see eqns. (6), (7), (8) and (55) 
of that paper) as 


Vpr = Vor = V sq (wt) : (41) 
2 
ye oy ee (wr qu 7) : oe 
2 
Uy = v| sa (wt - =") — sq (os | (43) 


Since the arc current and voltage must be in phase, the current 
in phase r (and, of course, phase R) must pass through zero at 
wt =0. Transferring the voltages from the l.v. to the h.v. 
winding of the arc furnace transformer, and substituting the 
values in eqn. (15), 


27 
IR = Pee | {- (4/3) V5 cos (wr ++ =) 


2K sa (wr ai =) —2sq | a} (44) 


a 1 =e 
—3L,4+L,| w 


— ve | sa (ws + a —2sq (ws | at (45) 


sin (wr + 6 += 


At wt = 0, 

0 = —Y resin ($ +22) vee (5 +2) (46) 
Therefore (4/3) Vs sin (¢ — a) = Vk : (47) 
. 7 Im Vk 

sin (¢ - =) — BA Ve (48) 


Consideration of the various phase relations give the additional 
limitation 


3 <<. Or = (approximately) 


Substituting values in eqns. (21)-(23) to obtain the substation 
transformer pee 


= Sa 
L,Vk on 
ik eos 
(vy)y = V3 3L, +L, sin (wt +¢ =) 


L,Vk Qa 
bars (2 sa(wr +5") — sa (ws | Ce 
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1s Vs I, 5 wv 
4/3 SE eee (or +¢ 76) 


L,Vk 2a | 51 
— PY | sa (wi) + sa(wt + ~) (51) 


The furnace transformer voltages may be obtained from 
eqns. (25) to (27) as follows: 


(r)p 


oh LEV 
(vr)ry = Ve sin (wt + “) 
3L, Vk Qn | 
ae t 52 
lta WEY cae +) —sqwi)| 62) 
es InV5 ‘ 27 
(7) yz = a0 Te Begs (wt ak acs 3 ) 


3L; Vk 21 ; 
_ 3h Vi ZEN (Sa 

oh) 7 4(ot % y, Ce 
3L,Vk 


4r 
i = ——— 4 
sin (wt +h+ 5 ) tare Eee (54) 


aks 
(r)gr = Neat, 
These voltages are plotted in Fig. 14. 


From eqn. (15) and the various phase relations, 
4a 
| | (4/3) Vs cos (wt +o+ =) 
=(Vy 3 ony) | dt (55) } 


Pee eo. | 4a 
see | = sin (or + $ +) 


Pea 
aes) ge ole 


= | (yz — od (56) 
Similarly, : 


ae [ee 
. 31,+L, Ww 


sin (wt + ¢) -| (gr vp (57) | 


Substituting values for vpy, Vyg and Ugp, 
wy 1 (/3)V5.. 4a 
y=a | = sin (or + $ +) 
2 
= ve | | -2s0(w# be =) fe sa(wt [al (58) 


‘ptnte Berl _W3)Vs 
hey Pee is w 


sin (wt + ¢) 


-—- ve | sa (wt) + sq (wt + 22) Jah (59) © 


(8.4) Two-Phase Arcing with One Arc Extinguished 


Assume the arc in phase B is extinguished. 


From eqn. (11) in the previous paper,° the voltage across the 
transformer l.v. phase RY is given by 
My = — 2Vsq (wt) (60) | 


Since there is no arc in phase B the current Jz, = 0. Hence, 
from eqn. a 


Lr aT ie “: L xrr| [— (\/3)Vs cos (wt + 4) — (pr — Vyp) lat 
2 (61) 


PRODUCED BY A 60-TON 3-PHASE ELECTRIC ARC FURNACE 


Therefore gr — Vyp = — (4/3)Vg cos (wt + 4) (62) 
but UBR + VyB = — Ury = 2Vk Sq (wf) (63) 
4/3 
Upr = Vk sq (wt) — oy Vs cos (wt + ¢) . (64) 
/3 
Vyp = Vk sq (wt) + ~5- Vs cos (wt+¢). (65) 


Now Jp must be in phase with vey since the arc voltage and 
current must have the same zero passages, i.e. Ig = 0 when 
wt =0. From eqn. (15), 


7 / 27 
dR = mt | {- (1/3) Ys cos (wt +¢ +2) 


— | —2Vk sq(wt)—Vk sq (wt) + a Vs cos (wt + | dt (66) 


1 
Bish, 1, 


—1/3 : 27 
| ~ Vssin (or +o +> 


+ | 3Vk sq (wt)dt — a = sin (wt + | (67) 


‘Taking the condition that wt = 0, 


~ 25 sin ($ if a — SVK —Vy5 sing =0 (68) 
‘Therefore 
(4/3) Ys] sin (+7 +) 45 sin s|=- Vk (69) 
and 
Ys| sin $(— a) se Re: 5 sin s|= ee: (70) 
cos = — si (71) 


‘Consideration of possible solutions gives the additional limitation 
= <<a (72) 


Substituting eqns. (60), (64) and (65) in eqns. (21)-(23) to 
obtain the substation transformer voltages, 


Vs Ly a Sa 
= t Series 
C7)R We 31, oi Ls sin (w ae 6 
= Tae | — 2Vk sq (wt) —Vksq(wt) 
REEL, 


+ _ Vs cos (wt + | (73) 
sin (wt +h+ ) 


IGA tS 
VE eon 


ers 
aaa 5 008 (wt + | 
es = Vk sq(wt) (74) 
ET ad te ti 


= Vs I, V/3 j = | 
—25{_ | 2 sin (ot +4) +5 008 (wt +9) 


3iy4, 4 cos (wt + b+ 


ae Ags» Vk sq (wt) 
3L, +L, 2 


(75) 


Bul 
ule 792 
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Rie 
=") - ; +L sin (wt + ¢) 
Sel +6) + ete Les Vk 
5 w ie sree Sq (wt) (76) 
Vs he oe T ry 
CDA yaa) ae sit (nits 8 nee ayectors 


x E Vk sq (wt) + ue cos (wt + | (77) 


Vs it aime 1 
= V3 3L, ae sin (wt + d) — 7 008 (wt + | 


3L1Vs 
ECR ERG yD 


| 0s (wt + ¢) 


3L, 
a: Wey EY 
ll a elape ch ee 
1 
— 5 00S (wt+ »|- Ai, ae, a7 => ——_Vk sq (wt) (79) 


L, 
(vUr)g = ae aL, Fie ig (wt +¢é+ “) 


ave 
hs a, + LAY 3) cos (wt + f) (80) 


3 008 (wt + ) (81) 


= 


Similarly the three furnace transformer voltages may be 
obtained by substituting eqns. (60), (64) and (65) in eqns. (25)-(27): 


io 6L, 
rey = SWE Vs sin (wt + ¢) — ai, eta sq (wt) (82) 
I, 2a 
Crys = 37g, Vssin (wt ¢+F 
a0 
+ aL, +L Vk sq (wt) + Vs cos (wt +4) | (83) 
ae 1. v3 | 
er 5 Sin (wt + 6) + 5 cos (wt + ¢) 
ar tI, 2 cos (wt + 4) + aL, +1, SE; = Kk S(G) 
(84) 
I, 
= V5) cos (wt + #) —3 Neen asin ort 9 | 
3L, Vk 
Bey oer i apa (wt) (85) 
L, 3 Ar 3L, 
(vr)er = ab, Ss aarp sin (wt ++ 3 ) - Sia 


x | ve sq (wt) — ue V5cos (wt + | (86) 
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= Vtg 2 -| —Jsin(or +o —YGcos tor +9 | 
= Sk ES a (wt + »| 
4. Lis Vk sq (wt) (87) 
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3 


Zsin (wt + $) — “00S (wt +9)| 


tes Ly 
rs rs| 3L, +L 
a0 


inp eee! fo 88 
ae La (88) 


4 


These results are plotted in Fig. 15. 


THE ABOVE PAPER 


Before the Joint Meeting of the Urtm1zATIOoN and SuppLy SEcTIONS 13th February, the NORTH-EASTERN CENTRE at NEWCASTLE UPON TYNE 
10th February, and the SHEFFIELD SUB-CENTRE at SHEFFIELD 19th February, 1958. 


Mr. F. Seddon: I will confine my remarks to the effects of 
large arc-furnace loads on the supply system, and to examination 
of the problems that these highly fluctuating loads create for the 
supply engineer. 

Until the 60-ton 15 MVA arc furnace described in the paper 
was installed in 1954, the biggest one in this country was, I 
believe, of 7-5 MVA rating. Arc furnaces were used exclusively 
for making high-alloy-content steel. 

Following the last war, the United States developed are fur- 
naces with ratings up to 25-30 MVA. The increase in capacity 


le ala ah | ae 
Fant aie Tu Ane AP 
Mel al Pe 


“10% o. 65 


305359 40> 45)5 SO 55:5 160 
SECONDS 


Fig. A 
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resulted in increased efficiency to such an extent that the 
arc furnace became economically competitive with the open- 
hearth process for the making of low-alloy-content steels. The 
Battelle Report on this experience stimulated similar develop- 
ment here, and a number of large units of capacities from 15 to 
36 MVA are now installed or planned, and a 45 MVA furnace is 


63:5 V & 
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that the tests were conducted when the furnace was supplied 
temporarily from an extended 66kV system. The same furnace 


is now supplied from a nearby 132/66kV substation having a — 


fault level of 850 MVA, and Fig. A shows a chart record of the 
66kV voltage fluctuations now experienced. During the 
breakdown period these are about 0:5-0:7%. I do not find 
that they cause irritation and no complaints have been received 
from consumers. The record was obtained from a 16in/min 
comparator-recording voltmeter, the circuit for which is shown 
in Fig. B. Briefly, the a.c. supply whose voltage variations 
are to be measured is converted to direct current and compared 
with a stabilized supply. The difference between the two voltage 
sources is fed to a servo-operated recorder calibrated to read 
percentage differences. 

Examination of high-speed voltage records shows that during 
breakdown periods the frequency of the voltage fluctuations of 
large arc furnaces varies between 10 and 120 per minute. The 
generally accepted percentage flickers at these frequencies, which 
are regarded as the borderline of irritation, are 1-2 and 0:5%, 
respectively. In practice, I have found that fluctuations at the 
higher frequency of about 0-7°% are at the limit of acceptance. 

To supply these loads without causing irritation to other 
consumers requires the furnaces to be supplied from systems 
having low-impedance sources, and the segregation of such loads 
from other consumers’ supplies so that the common point of 
connection is at a fault level sufficiently high to absorb the load 
fiuctuations. 


STABILIZING 
CIRCUIT 


Fig. B 


under consideration. The limitation of furnace size appears to 
be the maximum size of carbon electrode that can be produced. 
Some of these furnaces are being installed as replacements for 
open-hearth furnaces. If this trend continues we have the possi- 
bility in the Sheffield area alone of arc-furnace loads totalling 
probably 750-1000 MVA. 

To supply these loads without their causing unacceptable 
fluctuations in the voltages supplied to other consumers presents 
the problem indicated by the authors’ tests. It is unfortunate 


consider that the system 3-phase short-circuit fault levels should 
be at least 40-100 times the rated capacity of the furnace trans- 
former. This approximation has been found to be an excellent 
guide. 

No record of any experience in this country in the operation 
of more than one very large arc furnace on the same system 
is available, but tests are now in progress to determine the voltage 
and load fluctuations arising from the simultaneous operation 
of a 15 and a 20MVA furnace. It will be interesting to see 


The authors indicate that Ramsaur and Treweek? — 
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whether these results confirm the American formula that the 
short-circuit capacity of a system required to supply a number of 
furnaces varies as the fourth root of the number of furnaces. 

A scheme is now being designed to supply two 36 MVA fur- 
naces from the 275kV Grid system with a 275/33kV substation 
on the consumer’s premises. The 33 kV voltage fluctuations will 
be such that the rest of the consumer’s load will have to be segre- 
gated from the furnace supply transformers, and to reduce the 
275kV system voltage fluctuations to an acceptable value may 
require the installation of synchronous condensers on the 33kV 
supply to the furnaces. Have the authors any experience of the 
use of synchronous condensers for this purpose, or the use of 
series static condensers connected in the synchronous condenser 
output in order to increase the effective capacity? 

Mr. E. May: The large arc furnace is, presumably, a remunera- 
tive load. The annual electricity bill for one furnace of this size 
will be about £200000-£250000 per annum. The load factor 
averaged for the whole year, 24 hours per day, is about 37%, 
the power factor is about 0-8, and the furnace produces about 
65000 tons of steel ingots per annum. 

The flicker voltage was measured while the furnace was still 
operating on a temporary (high-impedance) supply. Since then, 
the system has been stiffened, and the fault apparent power 
almost exactly doubled. In addition, a second furnace of 33% 
higher rating, namely 20 MVA, has been installed, the trans- 
<ormer for this furnace taking its supply directly at 66kV. 

It is important to realize that the author’s results are not 
representative of good practice, because of the relatively low 
<apacity of the supply system at that time. If further tests under 
present-day conditions are made, I suggest that they should cover 
the cases of each furnace working separately and also both 
working together. 

The furnace makers have modified the electrode control system 
in a minor but important detail. Much of the total reactance of 
such a large furnace and its associated transformer resides in the 
low-voltage heavy-current furnace circuit itself, and especially in 
the long flexible cables between the transformer secondary 
windings and the furnace electrodes. 

It is therefore difficult to measure accurately the voltage across 
the arc. The only convenient point at which to make an arc- 
voltage connection is at the transformer end of the flexible 
cables, and, of course, a voltage measured here includes the 
reactive voltage of the cables, etc., as well as the arc voltage. 
The difficulty was overcome by causing a voltage to be induced in 
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the measuring circuit equal to, but opposing, that due to circuit 
reactance (see Fig. C). This modification produced a consider- 
a le improvement in electrode control, and I should like to know 
 hether the authors’ tests were carried out before or after it was 
4 troduced. 
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Incidentally, the same principle could be employed to obtain 
more accurate oscillograms of arc-voltage waveform. 

It is almost certainly true that flicker voltages which occur at 
the rate of several pulses per second cannot be eliminated by any 
form of mechanical position control of electrodes. Research 
in progress here and in America on the behaviour of the arc 
itself may, in time, bring about a solution. Meanwhile, power- 
factor-correction capacitors will very considerably attenuate the 
flicker effect produced by surges which last for only 4-1 cycle, 
and the authors state that most surges are in this category. I 
understand that, when a synchronous condenser was installed in 
association with a large furnace in Belgium recently, the supply 
undertaking contributed towards the cost. 

Certain precautions may be necessary when installing power- 
factor-correction capacitors at two or more arc furnaces in close 
proximity on the same supply (Fig. D). 
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Charge sharing between capacitor banks may be accompanied 
by large transient h.f. currents, with the possibility of damage to 
equipment. Cases have occurred where the h.b.c. fuses asso- 
ciated with the capacitors have exploded violently. Surge- 
limiting reactors are now often fitted, which, while offering a 
negligible impedance to the normal mains-supply-frequency 
capacitor current, are designed to absorb the energy of the h.f. 
transients. They are, in fact, designed as ideal h.f. induction- 
heated loads. 

Mr. R. S. Ryburn: I shall confine my remarks to the questions 
of what level of voltage fluctuation is tolerable and what steps 
can be taken to mitigate objectionable interference with other 
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lighting and television supplies. These problems are, unfor- 
tunately, not referred to in the paper. 

Dealing first with the tolerance question, Fig. E purports to 
show the border-line of visibility and the border-line of irritation 
in relation to the frequency of the fluctuations. The frequencies 
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of voltage fluctuations experienced in arc furnaces vary con- 
siderably from about one per minute to one per second. This 
curve is an academic approach and makes no attempt to relate 
the border-line of irritation to furnace size or furnace charac- 
teristics. 

American practice, on the other hand, is illustrated in Fig. F, 
in which the ‘mutual reactance’ from the source to the point of 
common connection per unit on the arc-furnace rating is plotted 
against arc-furnace rating, and it shows the objectionable zone, 
the border-line cases and the non-objectionable zone. 

With regard to the repercussion of excessive voltage fiuctua- 
tions on the supply systems, the relation quoted between the 
fault level and the furnace rating can be used as a rough guide 
only and should be used with care, since, where the whole of 
the furnace load (active and reactive) is taken from the supply 
system, regard must be had to the minimum fault level due to 
changing plant conditions on the system as a whole. Since the 
furnace supply must be available, on the average, for some 8 000 
hours out of the year, minimum plant conditions must be 
considered. Thus the governing factor is the maximum reactance 
from the point of common connection back to the source. It 
would therefore appear that, as the furnace size increases, this 
point should be made on a higher-voltage network. 

Although raising the voltage of the common point increases 
the capital cost of the furnace supply, it compares favourably 
with the installation of rotating plant to provide the reactive 
power. Furthermore there is a conflict in providing, by means 
of synchronous condensers, a shunt path of sufficiently low 
reactance to the intermediate busbar in order to make the pro- 
vision of such plant fully effective in sharing the reactive power 
with the supply transformers. 

Ideally the point of injection of the synchronous plant should 
be as close to the furnace as possible, and studies at present are 
being actively pursued into the effect of connecting a syn- 
chronous condenser to the tertiary winding on the arc-furnace 
transformer. Here again questions of stability enter into the 
problem and require careful co-ordination of plant design. 

Mr. T. B. Rolls: That the current and voltage fluctuations will 
not harm the furnace transformers is an unsatisfactory con- 
clusion. Much study must be given to the pros and cons of 
shunt and series capacitors, synchronous condensers and buffer 
reactors, together with various combinations of these, in order 


to enable furnace ratings to be increased without corresponding 
increases in the strength of the supply. 

On the instrumentation side, the authors seem to have had 
some difficulty in obtaining good cycle-by-cycle records of 
voltage and current. A Swedish instrument is now available 
which will write directly on a paper chart a good cycle-by- 
cycle record. Thus, if lengthy records are required, there will 
only be the cost of the paper instead of the film. 

Mr. E. L. White: Measurements made by the E.R.A. on @ 
30MW calcium-carbide furnace showed that over-voltages 
of at least 20 times the normal peak voltage occurring 
between the low-voltage busbars and earth were caused by 
switching surges on the supply system. The probability of 
similar over-voltages occurring in the case of a steel furnace 
should not be overlooked when considering the necessary insu- 
lation of the furnace-transformer windings. The fact that the 
oscillographic equipment described in the paper was not capable 
of recording short-duration transients does not justify the 
authors’ disregard of over-voltages due to switching surges. i 

Have the authors investigated arc-voltage waveforms, such as | 
that of Fig. 9(a), with a high-speed oscillograph for the presence 
of short-duration voltage peaks? 

By discarding zero-phase-sequence components of the arc 
voltages and lumping together the various reactances, the 
equivalent circuit of Fig. 16 can be reduced to a sinusoidal source 
feeding a non-sinusoidal voltage to the load through a single 
series reactance. Since the voltage at any intermediate point 
of the system can then be determined by simple proportion, 
much of the mathematics of Sections 8.1 and 8.2 is unnecessary. 
Sections 8.3 and 8.4 are of doubtful value, since it is assumed that _ 
the two arc voltages are equal whereas this may not be so in 
practice. 

The authors describe the arc load as having a negative im- 
pedance. Apart from the inappropriate use of the word 
‘impedance’, it would be difficult to infer even’ negative resistance: 
on the evidence of Fig. 9. 

It is claimed that stable arcing is connected with thermionic 
emission from the molten charge. Have the authors con- 
firmed this by observations on the arcs? Since Fe,O; at 2000°K 
emits only about 10~*°amp/cm2, does the thermionic current 
arise from molten slag on the surface of the charge? 

Mr. W. G. Hawley: In an electrical sense, the paper helps to 
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disclose some of the inner secrets of heavy electric-are furnaces. 
The authors do not exaggerate when they draw attention to the 
difficulty such apparatus presents to the supply engineer. 

The load in this case is so large that, if it is connected via 
transformers and an interconnecting feeder to a semi-infinite 
source of power supply, the voltage drop will be considerable 
because of the inductive reactance encountered, particularly if 
the load power factor is unfavourable. 

If the arc-furnace installation belongs to a sole user on the 
supply feeder, the fact that the usual lower statutory limit of 
voltage variation is exceeded might be of little consequence, 
especially in this case, where furnace voltage can be adjusted 
by the means provided. Some alleviation on this score has 
since been achieved by supplying the furnace from a source of 
greater power capacity. The lowered voltage might, all the 
same, cause some trouble in electric motor operation. 

But apart from this, consideration ought also to be given to 
rapid voltage fluctuation caused by furnace operation, which the 
authors show to be insistent during the melting stages. Light 
flicker is possibly unbearable, and according to the authors can 
be experienced several miles away. 

It seems that this is an instance where advantage could readily 
be taken of the self-regulating properties of a series capacitor. 
The use of capacitors in bringing about efficient transmission of 
electrical power is becoming well known, and the theory of the 
‘eeries capacitor is now widely understood. The authors would 
perform a greater service if they could provide information 
regarding power-factor characteristics during melting and 
_yefining periods, and I would like to persuade them to adopt the 
practice of giving the furnace rating in electrical units. 

Mr. J. W. S. Payne: The results obtained by the authors fall 
into line with the conclusions of the recently published report* of 
the American I.E.E., in that the furnace on the temporary system 
described would lead to light flicker. Did the authors measure 
the flicker quantitatively ? 

How were the magnitude and number of surges in the oscillo- 
» grams like Figs. 3 and 5 measured? Surges are clearly affected 
)by the efficiency of the electrode regulator, which, for large 
\furnaces, must have a short dead time, fast speed of response, 
/ high top speed for clearing ‘cave-ins’ and no overshoot. For fast 
operation under short-circuit conditions it is essential that the 
(regulator be provided with compensation for the reactive voltage 
drop occurring in the flexible leads from the transformer to the 
electrodes. 

From Fig. 12 it appears that the action of the regulator is 
rapid, the response starting within a few milliseconds and com- 
plete recovery to normal voltage being about 0-3 sec. 

The authors state that, owing to a previous over-current surge, 
ithe electrode control-gear may withdraw the electrode too far, 
sxcausing the arc to be extinguished. These initial fluctuations 
ay take place several times a minute. However, from the 
ecord of the breakdown period in Fig. 6, the arc current is 
hown to be maintained throughout, and in Figs. 7 and 8 it 
ould appear that, on the two occasions when the arcs were 
xtinguished, the cause would be due to falling scrap, as the 
current was relatively stable before each disturbance. 

It is impossible for any electrode regulator to correct either 

fer the fluctuations when scrap suddenly falls away or for the 
short cyclic disturbances described by W. E. Schwabe. 
Sigs. 11 and 12 appear to bear out Schwabe’s conclusion that 
‘these cyclic disturbances occur during the first 15-20 min of the 
welt. Have the authors found that the current does vary in the 
yovelic manner at the commencement of a melt? 


* ‘Arc Furnace Installations and Lamp Flicker’, American I.E.E. Sub-Committee 
sort, Transactions of the American 1.E.E., Part If, September, 1957. 

~ Scuwasr, W. E.: ‘Lighting Flicker caused by Electric Arc Furnaces’, Paper 
©t ented at the 1957 American Iron and Steel Engineers’ Convention. 


Mr. P. F. Grove: I agree that the paper is timely, because 
furnaces are being put on all kinds of systems; a 5-ton furnace 
may be as troublesome as a 60-ton one. Fifteen years ago I 
was instrumental in installing the first two 33 kV furnace installa- 
tions in this country. This was somewhat of an adventure 
because furnace transformers before then had not had con- 
servators. ‘The first was in an iron and steelworks with a buffer 
reactor connected onto the Grid system 33kV busbars with 
132kV outside and some shunt capacitors for reducing oil 
carbonizing in the circuit-breakers. The complaints about 
flicker were not due to the furnace but to starting a 4500 h.p. syn- 
chronous motor. The second was in the Midlands, and the 
supply engineer, after being alarmed at the prospect of a6 MVA 
arc furnace being connected to the 33kV system, surprised me 
by saying that the surges from furnace loads in Sheffield were 
no worse than those on his industrial 33kV network. Later in 
Scotland on an 11 kV system we had a flashover on a 5-ton 
furnace air-blast circuit-breaker, and tests proved the surges to 
be coming from outside. On the tests in Wales referred to by 
Mr. White, I understood the conclusion was that the surges came 
from a large rectifier installation 20 miles away. 

These instances are given only to show that surges do come 
from outside and that the higher the system voltage used the less 
trouble there may be on lighting networks. I feel that the 
1SMVA transformer described could have been wound for 
66kV, which would conform better to Ramsaur and Treweek’s 
recommendation. 

The Americans stressed selection of the best voltage to suit 
the charge during melting down, and also fast electrode control, 
both to avoid flicker. The excessive boring down into the charge 
described might be improved by closer selection of scrap and 
melting-down voltage. 

Mr. M. Waters: Fig. E is a chart for gas-filled lamps taken 
from E.R.A. Report Ref. K/T110 relating visibility and irritation 
to percentage voltage fluctuation and frequency. It was obtained 
from American sources in 1945, and since then doubt has arisen 
as to the validity of the curves at the lower frequencies. The 
E.R.A. are preparing a résumé of more recent work on flicker. 

One method of avoiding ill effects of current variations not yet 
mentioned is the use of a separate power station or separate 
generators specifically for energizing arc furnaces. 

Surely it is possible to design a furnace so that the power input 
is steady during the melting-down process. After all, screwing 
down three large carbon electrodes on to a pile of scrap steel 
may be an effective way of melting it, but it is certainly very 
crude, and it is not surprising that violent current fluctuations 
are produced. Synchronous condensers, series capacitors, line 
reinforcement, etc., are expensive. Would not the money spent 
on them be better used in providing an arc furnace designed, 
together with its circuit, to be free from the current fluctuations 
at present associated with the melting-down process? 

Mr. J. R. Spanswick: A previous speaker suggested that 
designers should produce a furnace which does not give rise to 
surges. Since it is necessary to strike the arc, surges must arise 
unless a prohibitive reactance is included in the circuit. Further- 
more, a furnace has to deal with scrap of varying composition, 
and, when putting, for example, 12000 kW into a small space, it is 
almost impossible to avoid occasional short-circuits to the charge. 

It has been suggested that we shall be considering furnaces 
with ratings of up to 40 or 50 MVA._ Furnaces approaching this 
rating have been installed in the United States, but it is interesting 
to note an installation made some time ago where the furnace had 
six electrodes, two groups of three, each connected to an inde- 
pendent transformer. A 3-electrode furnace of comparable 
total rating is installed in the same works, and the older, six- 
electrode furnace produces steel more efficiently. 
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I suggest that requirements for very large furnaces may be 
better met by the 6-electrode furnace. 

With regard to series capacitors, I think we should be cautious, 
bearing in mind that we have to maintain a certain reactance in 
the system. Under transient conditions series capacitors may 
have adverse effects from the point of view of surges. 

It is important to distinguish between fluctuations of voltage 
and surges. The paper deals with voltage fluctuations, but there 
is some evidence that surges of much higher magnitude do 
occur. 

Finally, reference has been made to comparatively high- 
frequency fluctuations during the operation of the furnace. A 
recent American article* related these to cyclic variation of the 
arc associated with the comparatively large diameter of the 
electrode. In my experience they do not arise in small furnaces. 

Mr. R. G. Round: I would like to comment on a technique for 
measuring fluctuations. Two or three years ago I was concerned 
with the problem of supplying three small furnaces, each of 
34.MVA rating. These furnaces had hitherto been supplied 
through a synchronous motor alternator, and it was proposed 
to connect them directly to the supply system. We were con- 
cerned with the effect that this would have on the system. The 
problem was approached with the idea that the principal 
nuisance would be lighting flicker to our domestic consumers, 
and we wanted to devise a technique of measuring it. We 
therefore took a filament lamp and put it in a box with a photo- 
cell, amplified the output of the photocell and fed it to an 
oscillograph. The instrument was calibrated by applying known 
voltage variations to it. We calculated what voltage fluctuations 
could be expected at various parts of the system, and the oscillo- 
grams obtained gave results which confirmed closely the calcu- 
lated figures. With this equipment we were able to measure 
rapidly what was happening on all parts of the system, and from 
the measurements taken we came to the conclusion that it had 
to be reinforced, with the result that the furnaces are now being 
supplied from a separate Grid point. 

Mr. E. R. Freeman: The paper shows what happened in a 
particular arc-furnace installation. Having proved the extent 
of voltage fluctuations, I want to consider how to obviate them. 
I shall not try to outbid previous speakers about the future size 
of furnaces or distribution-system fault level; there is still the 
problem of the firm with a small supply which has to make the 
best use of it. Where voltage fluctuations are concerned, the 
series capacitor seems the most elegant solution. It takes out 
the effect of line and distribution transformer reactance just at 
the right point. It does, of course, increase the fault level on 
the furnace-transformer switchboard, but this would also occur 
with a separate service from the Grid system. 

If the series capacitor is to remain in service when it is most 
wanted, it must be large enough to accept the peak current 
surges. Series capacitors are less robust than the other units of 
the distribution system, such as transformers and switchgear, 
and the time settings for their protective devices are a matter of 
cycles rather than seconds. The curves in Fig. 6 are on a very 
small time scale, and I would like more information about the 
very-short-time current surges. 

A series capacitor is used on an arc-furnace load near the 
north-east coast and has proved satisfactory. Information about 
any other such installations would be most useful. 

Mr. W. L. Brown: Reference has been made to the question 
of astronomical surge voltages. In the past two years I have 
known of two failures, both on 11kV systems. One was a 
flashover in oil of nearly Sin, and the other a surface flashover 
on a furnace-transformer tapping board. As a result of the 


* Scuwase, W. E.: ‘Experimental Results with Hollow Electrodes in Electric 
Steel Furnaces’, Iron and Steel Engineer, June, 1957, p. 84. 


ROBINSON AND WINDER: SUPPLY-VOLTAGE AND CURRENT VARIATIONS 


latter I made up a set and simulated a flashover. The r.m.s. 
flashover voltage was nearly 80kV, and I obtained a peak flash- 
over of approximately 150kV. If we take Mr. White’s figure 
of 20/22 times the voltage V,,, we get approximately 135kV for 
an 11kV system. No entirely satisfactory solution to these flash- 


overs has so far been found, and there is justification for further - 


research into furnace-transformer operating phenomena, for 
these faults can be very costly matters. 

These flashovers, together with others officially recorded, prove 
conclusively that exceptionally high surge voltages can be 
initiated and that the generally accepted practice of insulating 
for the next-higher voltage rating may prove inadequate. 

Mr. T. W. Berrie (at Newcastle upon Tyne): One of the main 
duties of the supply engineer is to ensure that the particular 
load of any one consumer does not unreasonably interfere with 
the supplies of electricity to another consumer. Experience in 
this area has shown that, with the rapidly fluctuating loads of 
the electric-arc furnace, this condition is not at all easy to obtain. 
From reading the technical Press it is well known how, in the 
vicinity of this type of furnace, abnormal voltages may be pro- 
duced together with the annoyance which can be caused by the 
flickering of lights. We have had some bitter experience of the 
latter phenomenon in this area. 

Much discussion has taken place during the last few years in 
the technical Press concerning the percentage of flicker voltage 


which should be tolerated at the common supply terminals of a © 


number of consumers. It appears to be the practice in America 
to accept about 14-2% flicker voltage; but, after some study of 


the problem, I do not think that one can make an exact com- — 


parison between American and British practice, owing to the 
different nature of the supply networks in each country and also 
to the different meanings attributed to the expression ‘common 
supply terminals’. In many parts of America, for example, the 
supplies to industrial consumers and the supplies to network 
substations can be separated, for topographical reasons, to a 
much greater extent than is possible in this country. 


A good working rule for this country when considering supplies ~ 
to electric-arc furnaces, or for that matter any rapidly fluctuating — 


load, is to work to about 1% flicker voltage at the common 
supply terminals where other consumers can be affected and up 
to about 14% in all other cases. 
that the system short-circuit rating should, depending on circum- 
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To attain this we have found — 


stances, be at least about 100-150 times the rated capacity of the © 


transformer supplying the arc furnace in the first case, and at 


least about 60-100 times in the second. By means of this simple 
rule it is possible to decide at what point in the supply system — 
the furnace load should be connected, both with respect to 


system voltage and the proximity of a power station or an 
injection into the system from a higher voltage. 


For example, — 


a furnace of the type and size of that mentioned by the authors — 
should obviously be connected to the system either at 132kV or, 
if at 66kV, where the latter system is reinforced either from a — 


power station or a Grid transformer station, i.e. where the 


system short-circuit rating is of the order of 1500-2000 MVA. 
The main variant in any working rule of this nature is the | 


actual magnitude of current peak in the furnace when compared 
with the full load rating of the transformer supplying the furnace. 


Are the Figures given in the paper for current variations typical 


for this size of arc-furnace transformer ? 

In Section 2.2.1 variations in the 11kV supply voltage of 
about 11% have been measured. Using the data given in the 
paper, my calculations show that this is possible, and I would 
like to ask the authors to what part of the system the voltage 
variations of 2-3%% mentioned in the Section refers. Wariations 
even of 2-3 % would be serious, if they were at the common supply 
terminals with any consumer; 11° would be disastrous. 
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A second important variant upon any working rule for the 
supplies to electric-arc furnaces is the effect upon the results of 
the shape of the arc waveform. A third is the effect of the 
suddenness of each rise or fall in arc current and the frequency 
of such changes. I do not think that these considerations, 
especially the effect of the suddenness of each rise or fall of arc 
current, have been sufficiently considered in calculations which 
have been made before a furnace has been installed. Most 
calculations have proved to be pessimistic in practice. 

Mr. W. L. Harrison (at Sheffield): The installation chosen by 
the authors for their tests consists of a 60-ton arc furnace, 
ISMVA, 11kV/325 voltage transformer and 11kV_ bulk-oil 
circuit-breaker, which can, in the event of the normal 66kV sup- 
ply to the furnace being switched off, be connected via a coupling 
switch to the works 11kV ring-main system. To complete the 
power circuit to the common point of supply a 15 MVA 66/11 kV 
distribution transformer is employed. The authors, pre- 
sumably, were only concerned with current and voltage varia- 
tions on this distribution transformer. The circuit arrangements 
for this installation are special to the requirements of the user 
and should not be regarded as typical. 

Site tests by the furnace manufacturer when the fault power of 
the 66kV system was low, show that there is a total percentage 
voltage reactance of 60°% in the overall circuit. With the elec- 
trodes dipped into a liquid bath of metal and with maximum 
iew-voltage transformer tapping, the short-circuit current drawn 
was 167% of the full-load value, and gave a voltage drop of 24% 
jat 11kV and 5% at 66kV. If these steady voltage drops are 
related in terms of percentage voltage flicker, where the frequency 
of current fluctuations is in the range 5-12c/s, we get values of 
'7-2%at11kV and1-5%at66kV. These later values have been 
/ obtained by multiplying the actual percentage voltage drop on 
short-circuit by 0-3, which, from experience, has proved to be 
‘reasonable for calculation purposes. It should be appreciated 
\that, when the electrodes are short-circuited by falling scrap 
‘within the furnace, extra resistance is added to limit the flow of 
/current. With smaller furnaces rated at around 1 MVA and 
Jhaving a total percentage voltage reactance of 45%, current 
isurges occur which swing by +100% of the full-load value and 
reach peaks of 200% at times during the breakdown period. In 
ithe case of a particular 60-ton furnace, currents swings during 
ithe breakdown period are about +25% of the full-load value. 
\Greater current swings can occur and for longer periods when 
the scrap charge has melted sufficiently to form a sizeable pool 
(within the furnace. At this stage of the melt the electrodes can 
‘be more effectively short-circuited by the liquid and partially- 
melted scrap and so cause greater currents to flow; this is shown 
an Fig. 7 of the paper. Fortunately, the condition appears to 
ast over a very short time in the melting cycle. 

Ramsaur and Treweek’s factor? of 100 times the furnace 
rating for the system minimum fault power suitable appears to be 
xeasonable for ratings of up to 1 MVA, since the small furnaces 
re lively and will draw 2-2-5 times the full-load current quite 
eadily. As the furnace ratings increase, this factor of 100 can be 
educed without causing lamp flicker. It is quite true that, if a 
factor of 100 were applied to all existing furnace installations 
more than 50% would have to be disconnected. In fact, many 
=cuipments are working quite satisfactorily, the percentage 
weltage flicker produced being within the tolerable limit 
ital °/,. 

“a the increased fault power at 66kV raised to about 
@ OOMVA, a furnace 15MVA load has a voltage flicker of 
35-75% at 66kV, while another furnace 20 MVA load, which has 
@ otal voltage reactance of 40% in the overall circuit, has a 
divker of 1-5°%%. I am not aware of any reports of lamp flicker 
sa® a result of the operation of these two furnaces. 
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W. E. Schwabe* suggests that the present accepted maxi- 
mum value of 1% is conservative. From experience gained 
with two installations in conjunction with the above methed of 
calculation it seems that practice has proved this. 

Mr. H. J. Sheppard (at Sheffield): I would draw attention 
to Ramsaur and Treweek’s recommendation,’ illustrated in Fig. 1, 
which indicates that the short-circuit power should be approxi- 
mately 100 times the furnace-transformer rating for a 3MVA 
furnace, diminishing to about 40 times the furnace rating for a 
20 MVA furnace. 

I would also draw attention to a more recent American paper,f 
which includes curves showing the maximum permissible 
system reactances (from the supply source up to the point at 
which other loads are connected) for single-furnace, two-furnace 
and multiple-furnace installations. It is based on returns from 
some 18 electricity supply undertakings, stating whether the 
voltage flicker caused by a large number of furnace installations 
can be regarded as non-objectionable, border-line or objection- 
able. There is considerable scatter of the points plotted, and 
it is indicated, for example, that a particular installation of two 
20 MVA furnaces is being satisfactorily supplied from a system 
fault level of 1100 MVA, while, on the other hand, objectionable 
interference is experienced on a different system when two 
25 MVA furnaces are supplied from a fault level of 5000 MVA. 
These two examples illustrate the measure of uncertainty which, 
at present, faces the engineer who is called upon to design a 
system to provide arc-furnace supplies. This paper concludes 
that the condition of cyclic flicker (fluctuations at the rate of 
more than one per second) appears to become important for 
some furnaces at ratings above 15 MVA and perhaps at electrode 
voltages higher than 350 volts. 

Curves have been published showing a relationship between 
the frequency of fluctuation and the extent of voltage variations, 
which are such as to be visible and those which cause irritation.{ 
The limit of what is visible varies considerably from one person 
to another, and I believe that the limit of what causes irritation 
is even more variable. 

At any point on a supply system from which large numbers of 
consumers are supplied, the voltage fluctuations should be so 
limited that they are not visible to the vast majority of people. 
The means by which this can be achieved are as follows: 


(i) Increasing the fault level by reinforcing the system. __ 

(ii) Segregating the furnace supply from other supplies, in order 
to make the connection to a common point at a higher fault level. 
This usually entails connection to a busbar at a voltage higher than 
that required for supply to the furnace transformer and the provision 
of a step-down transformer solely for the furnace supply. 

(iii) Reducing the load fluctuations imposed on the supply system 
by meeting part of the fluctuating demand from another source, 
namely a synchronous condenser associated as closely as possible 
with the arc furnaces. 


It is often necessary to use a combination of these methods. 

The provision of a separate supply system to deal with large 
arc-furnace loads has been suggested, but this would entail the 
duplication of power stations and transmission lines, which would 
not, in my opinion, be either economically or physically 
practicable. 

Dr. B. C. Robinson and Mr. A. I. Winder (in reply): In reply to 
Mr. Sedden, whilst we have had no experience of the use of 
synchronous condensers to avoid flicker, it would appear 
desirable that the machine should have a low reactance to enable 
it to supply a high fault current for short periods, thus com- 
pensating for the current surges in the furnace. It can also be 


* Scuwase, W. E.: ‘Lighting Flicker caused by Electric Arc Furnaces’, Paper 
presented to the 1957 A.I.S.E. Convention. ; 

+ ‘Survey of Arc Furnace Installations on Power Systems and Resulting Lamp 
Flicker’, Transactions of the American I.E.E., 1957, 76, Part Il. 

t E.R.A. Report Ref. K/T110. 
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used to improve the power factor of the combined installation. 
The improved or even slightly leading power factor would also 
cause the voltage fluctuations to be less noticeable. Static 
condensers could be used to improve the power factor and would 
be of use in reducing the transients of higher frequency. They 
would probably have little effect on the flicker voltage except 
through an improvement of the power factor. 

The comparator voltmeter circuit appears very ingenious, but 
on examination it appears doubtful whether it would show all 
the voltage variations and excess voltages measured during our 
tests. Fig. G is an enlargement of Fig. 5(c) just after the 


occurred when the charge was molten, i.e. hot, and (ii) Fig. 9(¢) 
shows normal arcing taking place only with the charge positive, 
and this resembles the voltage across a half-wave rectifier. 

We regret that we cannot give Mr. Hawley any information 
on the power factor of the load beyond Mr. May’s information 
that it is about 0-8, since no measurements were made. 

In reply to Mr. Payne, no quantitative measurements of light 
flicker were made. The method of measuring the oscillograms 
was to put the film in a photographic enlarger with about 
5 diameters magnification. Two lines were then drawn showing 
the width of the voltage band when the furnace was off load. 


Fig. G 


arrow. The voltages do not increase and decrease symmetri- 
cally in the two half waves. Mr. Sedden’s circuit cannot show 
these, but only a mean value. The time of the response of the 
comparator voltmeter will be limited by the time-constant of 
the 16uF condenser circuit, and therefore it would not be 
suitable for the tests described in the paper since the primary 
object was to detect and measure excess voltages. The instru- 
ment would thus appear to be suitable for comparing flicker 
voltages, but, owing to frequency limitations, its response might 
vary with the flicker frequency. 

In reply to Mr. May, the majority of the tests, except those 
shown in Figs. 3 and 15, were carried out after the modification 
of the electrode control system.* The voltages in Figs. 11 and 
12, and also the waveforms in Fig. 9, were measured at the 
electrode clamps and not at the transformer terminal as used 
for the electrode control system. The latter voltage is shown in 
Fig. 10. 

Mr. White mentions switching surges as being a possible 
cause of over-voltages and concludes that the oscillograph 
equipment was not capable of showing these. Switching 
transients were recorded when the furnace transformer was 
switched on and put on load. No attempt was made to record 
line-switching transients, since they were beyond the scope of the 
investigation. 

In over 600 random oscillograms of the arc voltage, no 
abnormal peaks have been observed except those similar to 
Figs. 9(6) and 9(f), which represent some of the higher voltage 
oscillograms. 

The suggestion of thermionic emission causing arc stability 
was based on two pieces of evidence: (i) stable arcing only 


* Described in Electrical Review, 1957, 160, p. 7. 


The film was then moved through the enlarger and any significant 
over-voltages were then noted in time and magnitude. Smaller 
over-voltages were too common to be counted. 

Cyclical variations of voltage with a frequency of about 
40 cycles per minute can be seen on the record of the arc voltage, 
as shown in Fig. 11. These would appear to be connected with 
the disturbances noted by Schwabe. A variation of current 
of nearly this frequency is also shown in Fig. 6. 

Mr. Berrie asks whether the diagrams of current variations 
given in the paper are typical of this size of furnace. Unfortu- 
nately this is the only furnace of this size on which we have any 
information. Fig. 8 was chosen as being the highest current 
recorded. Fig. 7 is a particularly good example of load swinging 
between time 82 and 84min. Otherwise the records are typical 
of many feet of records we have taken. Of course, as the energy 
input into the furnace was reduced in the latter stages of the melt 
the currents become steadier. 

The effective impedance between the power stations and the 
11kV busbars represented about 15% or 43-8 equivalent ohms 
on the 66kV system. A current of 500 amp passing through this 
would give a voltage drop of 2:19kV or 3:3% reactive feeder 
and transformer voltage drop. It is not possible to calculate 
the drop in the terminal voltage on the 11 kV busbars since the 
load power factor is unknown. The 11% represented the actual 
voltage drop measured from the oscillogram on the 11 kV ter- 
minals. Owing to the relative line and transformer impedances, 
which are both assumed to be purely reactive, the voltage drop 
on the 66kV transformer h.v. terminals will be 11 x 0-17% 
(see Section 4.1) or 1:8%. Since the next substation is at a 


distance along the line one might estimate a voltage variation 
there of 1-5 or 1°6%. 
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THE PROJECT 


In France the decisions to build thermal power stations rest 
with the Planning Commission, and the present programme 
(‘Third Plan’) covers projects up to 1965. 

The objectives are to provide for an annual energy consump- 
tion, in 1965, of about 110 x 10°kWh (compared with 
50 x 10°?kWh in 1955), with a peak load of about 22000 MW 
(compared with 9000 MW in 1955) and a firm continuous avail- 
able capacity of 17000MW during the winter months. The 
thermal generating sets now standardized by Electricité de 
France have a normal rating of 115 MW and a maximum rating 
of 125MW. Such a set can provide a firm capacity of 86 MW 
{ meet the consumer demand in the winter months and a peak 
capacity of 95 MW, the annual energy output to consumers 
being about 0:5 x 10?kWh. 

With these objectives and characteristics, the problem is to 
make an appropriate choice of thermal and hydro-electric 
stations (with the possibility of nuclear plants in the immediate 
future) to satisfy the requirements. 


PRINCIPAL ECONOMIC FACTORS OF A THERMAL STATION 


The financial charges which have to be borne by a station 
during its life (estimated at 30 years by E. de F.) may be classified 
as the initial cost of the station and its equipment (establishment 
>ost), the fixed operational costs, and the running costs. 

if the thermal station is equipped with four 115-125 MW sets, 
‘he size of the buildings, ground area, arrangements for fuel 
randling and storage, cooling water, etc., will be known, and 
an estimate of the initial cost of the station buildings, etc., can 
de made. This will be about 20% of the total charges to be 
debited to the station during its life. 

The fixed operational costs include salaries and wages of 
operating and maintenance personnel, engineering and adminis- 
irative staff, rates, taxes, etc. They represent about 10% of the 
‘otal charges to be debited to the station. 

The running costs cover the fuel consumed and may represent 
50% of the total charges to be debited to the station. 

Since the load centres are usually remote from the station, the 
sost of the transmission lines and the losses therein will be a 
tharge on the station. For a 225kV, 50km line, these charges 
may represent 5 °% of the total charges to be debited to the station. 


PROBLEMS CONNECTED WITH CHOICE OF SITE 


' The choice of the location of a thermal station involves con- 
liderations of terrain, reception and storage of fuel, source of 
«ooling water, etc. 

“. total ground area of 100-220 acres may be required for a 
arge station, to provide for the main buildings, switchyard, coal 
itevage (400000 tons), coal wharf, railway sidings, oil store, etc. 
_onsiderable efforts have been, and are being, made to reduce 


/ y. Pimpaneau is with Electricité de France (Equipment Department). 

’ Te lecture is based on M. Pimpaneau’s paper, ‘Conception des grandes centrales 
er niques modernes’ (Mémoires de la Société des Ingénieurs Civils de France, 1956, 
.c. 3, p. 448). 


the ground area and volume of the principal buildings, which 
are preferred to be of the single-storey type to reduce the cost 
of the building and foundations. Research will be necessary to 
ascertain the suitability of the subsoil for heavy buildings. With 
a riverside station, examination of the records of the flow of the 
river, flooding, maximum high-water levels, etc., will be necessary 
for the purpose of deciding upon the requisite civil engineering 
works to safeguard the basements of the main building against 
water infiltration, flooding, etc. 

A modern station with four 115/125 MW sets consumes about 
4000 tons of coal a day, or 10° tons per annum, during the first 
few years of its life. Such quantities may be transported con- 
veniently only direct from the mines to the station. It is there- 
fore important that the station be situated either near a trunk 
railway line, in a port available to maritime traffic, or on the 
bank of a river available to large-tonnage barges. It is desirable, 
in general, that both rail and water facilities be available. 

A 4-set station may require about 20 cumec (15:84 x 
10° gal/hour) of water for cooling the condensers. Thus large 
stations should be placed on the banks of important rivers with 
a large flow of water—a condition which seriously restricts the 
choice of site. Restrictions on the permissible upper limit of 
temperature of the river water may also cause problems associated 
with a proposed site. Further difficulties may arise if the banks 
of the river are already occupied by industrial works. 

When a river site is impossible, cooling towers must be 
employed, which may lead to a 3% reduction in the efficiency of 
the station. The quantity of water required in this case, however, 
is not negligible and may amount to 57000-66000 gal/hour for a 
115-125 MW set. 

A portion of the energy may be supplied direct to a local net- 
work, but the bulk will have to be transmitted at extra high 
voltage (225 kV) to distant utilization centres. This transmission 
is usually by overhead lines, but in exceptional circumstances, 
underground cables may be necessary over parts of the route. 
A detailed survey of the route to be taken by these lines is 
necessary, and this research may influence the decision on the 
final choice of site for the station when alternative sites are 
available. 

The selected site must receive the approval of the appropriate 
administrative authority, and this procedure may involve many 
difficult problems. 

The many problems connected with the choice of site are there- 
fore particularly onerous, and since 1948 both the C.E.A. and 
E. de F. have instituted a systematic research for the establishment 
of new stations. 


CONCEPT OF STATION 


We now come to problems which concern the concept of 
thermal power stations, the technicalities which have a direct 
interest to the engineer. The economic study outlined in the 
preceding Sections has thrown into relief the effect on the price 
of a kilowatt-hour of a number of principal factors which depend 
essentially on the concept of the station, namely the cost of 
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buildings and equipment, the thermal efficiency and the 
effectiveness of the station. 


Thermal Efficiency 


Since the fuel represents 60°% of the total costs debited to the 
station, all efforts and research should be made to reduce the 
specific fuel consumption by improving the thermal efficiency. 
The efforts of the manufacturers in association with E. de F. 
are known and have resulted in: increased steam pressures and 
temperatures at the turbine stop valve; improved heat cycle by 
the general adoption of reheating and bleeding; improvements 
in the combustion chambers of the boilers; reduction of the exit 
temperatures of the flue gases; improvements in feed-water 
heaters and superheaters; improvements in turbines and 
increased power of units, resulting in increased mechanical 
efficiency; reduction in the losses of the main alternators (due 
to hydrogen cooling and improvements in the magnetic qualities 
of the core laminations). 

Equal efforts have been made to increase the efficiency of 
auxiliary plant, which absorbs about 6% of the output of a 
turbo-generator unit. Steam-driven auxiliaries have been com- 
pletely abandoned. The motors are usually supplied at low or 
medium voltage from a transformer connected directly to the 
alternator. Motors with single or double-cage rotors and 
direct starting are employed whenever possible. 

All E. de F. stations commissioned during recent years have 
benefited from the efforts mentioned. The net specific consump- 
tion of the station is about 2 300 kcal/kWh at the economic load, 
which means about 2600 kcal/kWh in everyday operation. In 
comparison, the net specific consumption of stations commis- 
sioned immediately after the last war was 2 900-3 300 kcal/k Wh. 


Civil Engineering Works—Principal Buildings 

Since the establishment cost represents 20% of the total 
charges debited to the station and is the first disbursement of 
capital to be met on completion of the station, it is natural that 
this cost should be the object of vigilant attention of all con- 
cerned. The planning of the main buildings, foundations, 
revetments, culverts, etc., must therefore receive careful study so 
as not to incur unnecessary expenditure. 

Although some of the older stations in the Paris region were 
constructed with more than one floor, the present-day practice is 
to place all heavy equipment on one floor (the horizontal concept) 
in order to distribute the load on the foundations and to reduce 
the cost of the superstructure. For example, at the Porcheville 
station, vertical supporting walls are required only for the boilers, 
coal bunkers, travelling crane, feed-water tanks. Some researches 
are actually in progress to reduce or limit the corresponding 
expenditure. 

The horizontal concept, with all equipment on one floor, 
requires a relatively large ground area for the principal buildings 
and has led to the idea of placing the boilers and main equipment 
out of doors, as at Bordeaux. Separate foundations are provided 
for the several items of equipment, and these are interconnected 
by light foot-bridges. 


Principal Machines and Auxiliary Plant 


The cost of this equipment may represent about 80% of the 
establishment cost, and it is on these items that the policy of 
E. de F., in its endeavour to lower the price of a kilowatt-hour, 
is more apparent. Engineers charged with the study of stations 
and their layout, utilizing all up-to-date technical improvements, 
have also to consider the progressive developments in the 
characteristics of the machines and the heat cycle. This leads 
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to a multiplication of the types of machines over a period of 
ears. 

: In France the Director of Equipments has fixed technical | 
levels and has standardized a generating unit of 115-125 MW, of : 
which 40 will be built by the principal manufacturers, 10 identical | 
machines having been ordered. The development costs of the: 
prototype machine will be spread over these machines, and the: 
prices of future machines may therefore be reduced. Such» 
standardization has been effected at Creil and Porcheville, each 
of which contains four identical units (boilers, turbines, alter- | 
nators, etc.). 

Standardization is also applied to the principal auxiliary 
machines (which are required to have identical characteristics) / 
and to the operating voltages of the driving motors, namely | 
5-5kV for motors of 150h.p. and above, and 380 and 220 volts | 
for motors below 150h.p. 


Operating Staff . 


The operating staff required for a modern station is equivalent 
to 0:-4man/MW, compared with 4 men/MW for old stations. | 
This large reduction in personnel is due to the combined efforts | 
of the equipment services (by the adoption of new ideas) and the - 
exploitation services (by reorganization). | 

The first step to ensure the correct functioning of a station’ 
with reduced operating staff is to reduce the number of machines 
by making the output of each unit as large as practicable. At 
the end of the last war the largest machines were 50-55 MW. | 
Now machines rated at 115-125MW are installed, and some’ 
machines rated at 250 MW have been ordered. 

All new plants now operate on the unit system, i.e. each unit 
(turbine, generator, boiler and auxiliaries) has no connection ‘ 
with the other units in the same station, although the control | 
panels for adjacent units may be installed in the same control’ 
room. The operating staff is thereby reduced. 

The handling of coal is the second largest consumer of hand 
labour in a thermal power station. To-day, coal handling is’ 
effected by one shift, but in the past two or three shifts were ° 
necessary. Thirty men may be required over a period of eight ’ 
hours. 


THE FUTURE OUTLOOK 


The objectives of the Third Plan which have already been’ 
considered (namely the obligation of E. de F. to provide, between ° 
1957 and 1961, steam stations with an installed power equivalent 
at least to forty 115-125 MW sets) and the tasks involved in 
their completion are very considerable and urgent. The pro- 
gramme in hand, based on sets of 115-125 MW, will be followed 
actively. 

The outlook for the future is relatively bright. It is certain’ 
that the fixed operational costs will be reduced, owing to the 
increase in the rating of the plant unit from 125 to 250 MW or 
more. The cost of civil engineering works in the construction of 
the principal buildings should also decrease, owing to the efforts 
of the engineers responsible for their design and construction, 
and the employment of up-to-date techniques and methods. 
The cost of the machines, however, represents a very high 
proportion of the first establishment cost, and it is on this item: 
that the principal research should now be directed. This effort 
should be towards improvements which will lead to a lowering 
of the specific consumption and a corresponding reduction in the 
fuel costs. 


IMPROVEMENTS IN THE HEAT CYCLE 
In the ideal heat-engine cycle proposed by Carnot, the thermal 
efficiency depends on the temperature limits, the lower tem- 
perature being that of the cold source (e.g. the condenser) and 
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.. upper temperature being that of the steam at the stop 
valve. 

The temperature at the condenser is fixed by that of the cooling 
water, and therefore to increase the efficiency of the Carnot 
cycle the upper limit of temperature must be raised to the highest 
practicable value. With fixed temperature limits the efficiency 

of a steam cycle is improved by raising the pressure of the steam 
entering the machine. Hence the best efficiency occurs at very 
high pressure and temperature. 

Data on the relationship between specific consumption, 
temperature and pressure have been compiled by Chadwick 
and the American Gas and Electric Service Corporation 
(A.G.E.S.C.). 

Chadwick’s data show that the specific consumption at 750° F 
and 400Ib/in? is 13500B.Th.U./kWh net; at 1000°F and 
15001b/in? it is approximately 10000 B.Th.U./kWh net without 
reheat, and 9500B.Th.U./kWh net with single reheat; while at 
1 100° F and 2 400 lb/in? the figures become 9 300 and 9 000 respec- 

tively. Extrapolation of the curve to 1600°F and 80001b/in2 
shows a specific consumption of about 8000 B.Th.U./kWh net 
with double reheat. 
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The A.G.E.S.C. data show that, at 1050°F and 2000, 3500 
and 4500lb/in’, the specific consumptions are 8900, 8680 and 
8590 B.Th.U./kWh respectively with one stage of reheat, 
and 8835, 8587 and 8555B.Th.U./kWh with two stages of 
reheat; for 1200°F and the same pressures the figures are 
8630, 8375 and 8300BTh.U./kWh, and 8500, 8220 and 
8 130B.Th.U./kWh respectively. These figures show that at 
1050°F it is useless to increase the pressure above 4000 Ib/in2, 
but at 1 200° F a progressive reduction in the specific consumption 
takes place at pressures up to 4 500-5000 lb/in?, particularly with 
two stages of reheat. 

Research into the adoption of increased admission pressures 
and temperatures should be pursued with tenacity. The evolution 
of a high efficiency for a thermal station without incurring heavy 
establishment costs and without compromising the reliability 
of operation manifests itself already throughout the world and 
notably in England. This evolution interests the metallurgical, 
mechanical, electrical and chemical industries, design offices, 
laboratories, etc. It is therefore in justification of the title that 
so much importance is attached, in large industrial countries, to 
methods of producing large amounts of energy. 


| DISCUSSION BEFORE THE JOINT MEETING OF THE SUPPLY SECTION AND THE BRITISH SECTION 
OF THE SOCIETE DES INGENIEURS CIVILS DE FRANCE, 18TH DECEMBER, 1957 


Mr. F. H. S. Brown: The basic problems involved in Britain 
_and France are alike, although the C.E.A. system is the larger; 
}but even so, it is surprising that the solutions found are so 
‘similar. To point to some of the differences: in this country it 
‘is rarely possible for inland stations to be supplied with fuel by 
‘rail and water, and rail only is the usual method, because of our 
‘small rivers. Related to this is the fact that, because the dry- 
/ weather flow of the largest of our rivers is insufficient for a 
' 500 MW station, it is seldom possible to site inland stations with 
| direct cooling. Even the provision of cooling-tower make-up 
‘water is becoming difficult, and the C.E.A. have therefore 
‘recently decided on a trial installation of a dry cooling tower of 
'120MW capacity employing jet condensers instead of surface 
‘condensers. The warm water from these will be circulated 
ithrough a system of large heat exchangers located round the 
| base of a natural-draught cooling-tower shell. No heat is lost 
|by evaporation, and consequently about three times as much 
‘cooling air will be needed, resulting in increased tower dimen- 
sions and spacing. Even allowing for possible savings in fuel 
| transport costs if such an installation permitted siting a station 
(nearer its supplying collieries, the dry tower is likely to be appre- 
jciably more costly than a normal water-cooling system. 

The French development of the total outdoor station will be 
(watched with great interest, because although we have four 
isemi-outdoor stations built or building, we are not yet con- 
ivinced of the overall advantage of putting the turbine outside. 

A large measure of standardization has taken place in both 
‘countries, but an interesting feature is the rapid growth in the 
‘size of the units being installed by the C.E.A., who feel that 
‘the economic returns given by this increase in size warrant quite 
ta large degree of departure from a policy of complete 
‘standardization. 

Once again there is a similarity between the standardization 
jo auxiliaries in the two countries. It seems possible that we 
may be forced to supply these at 11 kV for the very big stations 
vavd very big units, and I should appreciate the author’s views 
furon the appropriate methods of driving the feed pumps of 
(these large units. We are currently thinking that for these 
ice nditions it is a commercial proposition to revert to a form of 
i vect drive to the boiler feed pump, and either have the steam 


turbine tapped across the main unit or by mechanical drive from 
the main turbine. 

The author concludes with a discussion on the future outlook 
and improvements in the heat cycle. He is entirely right in his 
emphasis on the desirability of increasing thermal efficiency and 
in his discussion on some of the factors involved. We in 
Britain feel that we are now entering the sphere where neither 
thermodynamics nor, indeed, simple economics are necessarily 
the predominating factors. The trends of economic returns from 
further increases either in the size of units or in steam con- 
ditions are flattening; nevertheless, the possibilities of further 
gains must be explored. However, in Britain it seems virtually 
certain that the large-scale application of nuclear power, with its 
higher capital cost and lower running costs, will mean that all 
new conventional units must be capable of 2-shift operation at a 
very early stage in their career. Inevitably this means some 
slowing down in the rate of progress and an adjustment in 
outlook on plant development to take account of a whole series 
of new factors. We are actively considering these factors and 
think that some further development is definitely possible. It 
would be most interesting if the author could give some indica- 
tion of what developments the French anticipate in the not too 
distant future. 

Mr. D. B. Irving: There are one or two points in the paper on 
which I should be glad to have further information. Mr. Brown 
refers to nuclear stations, and I, too, should like the author to 
give some indication of the part they will play in the French 
programme. After all, a nuclear station is a centrale thermique. 

I note with interest that the staffs have been reduced from 
4-2 to 0:4 employees per megawatt. I should like to know 
how this was achieved, and whether it was done with the full 
co-operation of the trade unions. 

In Britain we have only to propose to erect a power station 
or overhead line and there is an avalanche of objections, despite 
the fact that all admit electricity to be necessary. Is the same 
thing experienced in France? 

Mr. F. J. Hutchinson: Aerial survey and geophysical ground 
tests can greatly reduce the time taken in site selection. In the 
matter of combustion efficiency, attention is drawn to American 
claims of 14° improved efficiency for the pressurized furnace; 
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and also to the very large reduction in fly ash when slagging or 
‘wet bottom’ furnaces are used. 

I note that the turbines appear to have been standardized for 
steam at 1850lb/in? and 1010°F; in recent investigations I 
have been unable to foresee any worthwhile improvement in 
cost per unit sent out using higher steam pressures and tem- 
peratures. In regard to control rooms, I feel that not more 
than two large units should be controlled from any one room. 
Fire risk is always present, and the cost of a prolonged outage 
of, say, 250 MW of plant due to a fire near a control room could 
not be tolerated. 

In the matter of staffing of power stations, I think that the 
author’s figure of 0-4 man/MW of plant could probably not be 
achieved at a 500 MW station in this country if the whole of the 
station staff, as distinct from the operating staff, is included. 
However, I believe that the centralization of coal-handling plant 
can produce striking reductions in manpower. At a station in 
West Virginia, U.S.A., the central control of the coal-handling 
plant needs only one operator to supply coal to bunkers or to 
stock and normally from stock to bunkers. 

Referring to Chadwick’s figures on the thermal cycles and 
the possible heat rates for large units with advanced steam 
conditions, great caution is needed when making extrapolations. 
Although some American stations had achieved heat rates of a 
little over 9000 B.Th.U./kWh sent out with an availability (on 
the American basis). of over 85°%, we in Britain had so far not 
done better than about 10800B.Th.U./kWh sent out and 80% 
availability. However, I feel that this figure will soon show a 
marked improvement with the large modern plant that is now 
coming into reliable commercial use. 

Mr. W. J. Price: Although the economies of France and 
Britain are fundamentally different, nevertheless, from a re- 
stricted technological viewpoint, similar problems exist and 
answers arrived at in both countries exhibit a large measure of 
agreement. In both countries the ‘fixed running costs’ and 
‘initial establishment charges’ are being reduced by increasing 
the capacity of individual units, thereby reducing both the 
station personnel and the building volume. At a Canadian 
station where the organization with which I am associated has 
installed an initial 66 MW set, the comparable figure has been 
given as 0:25 man/MW. The adoption of outdoor or even 
semi-outdoor stations in Britain is questionable, and cheap 
cladding should prove to be a better economic proposition. 
Further savings on buildings could be realized by installing 
duplicate conveyors with smaller-sized bunkers and feed-water 
reserve tanks at ground level. The reference to cooling towers 
prompts me to question the wisdom of using the natural-draught 
type in Britain and France, knowing that the Americans whole- 
heartedly employ mechanical draught. 

Recent C.E.A. figures show an improvement in system 
efficiency of 19% over the past nine years, coupled with an 
increase in fuel costs of 42% which underlines the uncertainty 
of long-range mathematical prediction. This aspect of power- 
station economics has recently been dealt with by Norman Elce.* 
Broadly speaking, a 120 MW turbine consists of the hot end, 
the middle, and the cold wet end, which respectively produce 
4, % and 4 of the total power generated. The middle section is 
capable only of relatively minor improvement, and so designers 
point always in the direction of higher steam conditions, whilst 
neglecting to some extent the cold wet end—which is stillcapable 
of yielding worthwhile gains. 

There is a need for a comprehensive review of the economical 
aspects of the sub-atmospheric portion of the turbine, comprising 
blading, condenser and cooling-water system. Such a study 


* Exce, N.: ‘Economic Basis and Character of Steam-Turbine Design’, Proceedings 
of The Institution of Mechanical Engineers, 1956, 170, p. 1009 
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conducted on a regional basis could afford measured results f 
which would be of great value to the relatively low-pressure |) 
and low-temperature nuclear power stations. | 

Finally, there should be more enthusiastic efforts to use some 
of the vast quantities of low-grade heat now being lost in cooling- 
water systems. Such efforts should be made on a local basis » 
and might range from minor district-heating schemes to market } 
gardening on a big scale. 

Mr. A. W. Pedder: There is much in the lecture that one must }) 
agree with and very little that needs comment, mainly because 
the author has not disclosed many quantitative data; but there | 
are one or two stated conclusions that are open to question. || 
For instance, the standardization of auxiliary voltages at 5-S5kV " 
and 380 volts is mentioned. I feel that this would have to be | 
reconsidered for the new stations with very large sets, because I 
it is probable that the use of three voltages would be more 
economical. ; 

Again, steel frames for main buildings are referred to as 
‘standard’. Both in Britain and abroad a number of very | 
economical reinforced-concrete turbine houses have been con- } 
structed: it all depends on the particular design of building. To i 
what extent have Electricité de France been influenced by the light 
steel frame shown in a slide, the lightness being largely made » 
possible by the fact that the capacity of the turbine-house crane 7 
was kept down to the small figure of 30 tons ? | 

The 3% loss when using indirect cooling, i.e. cooling towers, | 
is a bit high unless really cold water is available, and particularly 
unless the design of the turbine exhaust area is such that that 
cold water can be fully used. Do E. de F. envisage that their’ 
future large turbines will be cross-compound, which would | 
enable them to get more benefit from the cold water than from | 
the tandem machines commonly used for the higher water } 
temperatures ? 

The equation of basic economics becomes interesting only | 
when you begin to fill in the figures and apply it to a specific 
case. I should be very interested to know the author’s figures } 
for the 250MW turbines just ordered, and also the steam } 
conditions adopted for them. The classical example of such | 
analytical treatment is given in the paper on optimum condenser 
sizes written by Bottomley; his work has had to be extended to 
deal with conditions not then envisaged, but it remains an 
admirable introduction to the method of finding an optimum 
solution. However, especially when dealing with substantial 
developments in manufacturing technique, any equation must?! 
be modified by judgment, since it is scarcely possible to bring 
into it allowances for the possibility that really advanced design : 
might at some point involve greater risk of outage, at least in 
the earlier stages of the station’s life. A closely related problem 
is that of allowing for increases in size of the largest units on the 
system. One 250MW set is not of exactly the same value te 
the system as two 125MW sets; but the equation as it stands 
is incapable of taking this into account. In fact we have a 
paradoxical situation: the more we need these equations to 
assess major advances in design, the less use they are, because’ 
they require more and more judgment in their application. 
Moreover, the benefits shown by such studies show diminishing 
returns and we have to exercise more judgment to consider 
whether they justify the new advance. 

Mr. R. F. Alexander: The author mentions that 20% of the 
total cost of a SOOMW thermal station is expended on civil 
engineering, and this proportion is also about right for Britain. 
The organization with which I am associated is building two 
power stations in this country, one thermal the other nuclear, 
the respective capacities being 360 and 340 MW. The steam 
conditions for the thermal station are 15001b/in? and 1000° F, 
the circulating-water requirements being 10-5 x 10° gal/hour; 


-now been employed for some years. 
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those for the nuclear station are 3201b/in® and 672° F, but the 
circulating water requirements are 21 x 10° gal/hour, owing to 
the much lower steaming conditions. The cost differential 
between the two power-houses is almost entirely due to the 
greater circulating-water demands of the nuclear station. 

I agree with the author that all heavy equipment such as feed 
pumps and induced draught fans, and structural features such as 
boiler flues, should be placed at ground level. Forced-draught 
fans are better sited on the boiler framework, which must in any 
case be a massive steel structure to carry the weight of the boiler 
and the overhead bunkers. 

The author mentions that in France the station personnel 
have been reduced to 0-4 man/MW;; I believe that the figures 
for Britain and America are 0-6 and 0-2 respectively. We are 
at present designing a 900 MW thermal station for North 
America for which it is hoped that the total personnel required 
will be less than 0-2 man/MW, but this needs pean iond in that 
the boilers will be gas-fired. 

Mr. B. A. E. Hiley: All who are interested in steam generating 
stations are constantly alive to increasing efficiency and reduc- 
tion in costs—either capital or running, or both. 

As Mr. Brown states, developments in France and in Great 
Britain are to a great extent parallel. By 1948 we had achieved 
some 22% efficiency; to-day Drakelow ‘A’ and Stourport have 
reached 30-73% steaming at 1650 Ib/in? and 1050-1060° F 
*Jnit sets, i.e. one suspended boiler and one generating set, have 
All this has saved in area 
and volume of building structure, and for this thanks must go 


to the metallurgist to a great extent. 


| 


i 
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Monsieur J. Pimpaneau (in reply): I propose to reply by subject 


rather than to individuals. 


Estimates of Power-Station Costs.—We recognize that any 
economic calculations on projected installations must be based 


on the assumption that the data available will be valid in the 
future. The actuarial method used to compare the relative costs 
associated with the future power station—construction costs, 
fixed and proportional operational costs—presents interesting 


‘ 


_ characteristics which deserve comment from the aspect of the 


probable accuracy of the forecasts. 
We require to find the amount, F, which, invested at a rate 


of interest r the day the power station is commissioned, will 
'make it possible to defray these costs each year during the 
' 30 years of the station’s life. 


y 


If F;, F> . . . F39 are the annual costs of the power station 
during the first, second . . . 30th years, 
Sey Fy F 30 
F fee ee es 7) 


because it is sufficient to invest to-day at a rate of interest r an 


- amount F,,/(1 + r)” francs to provide F,, francs at the year n. 


; an error dF in F such that dF = dF,/(1 +r)”. 
- decreases as n and r increase. 


It can be seen that an error in the estimation of F,, introduces 
However, dF 
In view of the rates of interest 


- prevailing at present, we may conclude that the accuracy obtained 
- by this method depends more on the accuracy of forecasts for 


; 


the first ten years or so of operation than on those for the last 
2) years. 
Since 1952 Electricité de France has followed a policy of 
“andardizing its thermal stations, and twenty-seven 125 MW 


‘reheat sets (1 800 1b/in2—1 000° F—1 000° F) have been ordered 


7 


; sce then; 10 sets are already in operation and another 30 are 


‘ lanned. These standardized sets are well known, and it is clear 


* at the difficulties which may arise in their construction, com- 
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Another development concerns cooling plant. Where a cool- 
ing circuit cannot be closed with a river, canal, dock, etc., 
cooling towers of the natural-draught type have been found to 
be the most economical solution. However, these use great 
quantities of water—some 15 x 10° gal/hour for a 360 MW 
station. Mr. Brown refers to the dry cooling tower which 
is under development in this country. If this is successful, 
one further great economy in pumping, screening, etc., will 
be effected, and I am sure that our French friends will be 
interested. 

One of the troubles in, say, a 480 MW coal-burning station is 
the disposal of some 700 tons of fly ash per day. Where coal is 
used a very large area of land is required to dispose of this ash, 
the area being proportional to the depth to which ash can be 
deposited. In selecting a site, therefore, one should include in 
the investigations river or similar sites where there exist sands 
and gravels, and land that is low lying and liable to flood; 
not good agricultural land. The station should be placed on the 
higher contours, the sand and gravel being excavated for use in 
building and such excavations filled in and the general ground 
level raised above flood level with the station ash. The top 
soil can be returned and the land used for agricultural or indus- 
trial development. The large areas of land used for coal- 
burning stations can then be justified economically. Hams Hall 
Stations ‘A’, ‘B’, and ‘C’, Drakelow ‘A’ and ‘B’ and Uskmouth 
‘A’ and ‘B’ are typical examples of this. 

If oil becomes the established fuel for stations, a small tank 
farm and a pipeline may well replace the large marshalling 
yards, bunkers, etc. This will also save a large area of land. 


THE ABOVE DISCUSSION 


missioning and availability during the first and second years are 
minimized; the relevant economic calculations therefore have 
every chance of being substantiated by results. This is a good 
illustration of another aspect of the advantage of standardiza- 
tion and the maintenance of the standards over a long period. 
The growth of the demand, technical progress, etc., occasionally 
change standards, but the new standards should introduce 
substantial progress so that they may be adopted for a sufficiently 
long period. E. de F. has thus ordered 250 MW reheat sets 
(2 350 1b/in?—1 050° F—1050°F), although the forecasts for 
these units cannot be as accurate as those for the standard 
125 MW sets. 

However, the method of economic calculation remains valid, 
and one may to a certain extent take into account additional 
uncertainties, namely 


(a) The construction costs derived from the sum of the tenders 
submitted by the contractors may be increased to take into account 
construction delays. 

(b) The production forecasts during the first and second years of 
operation of the new units may be reduced to take into account the 
preliminary troubles which arise in any new power station. 


Finally, one knows that uncertainties preventing either the 
production or the consumption of electrical energy essentially 
affect power stations more than ten years old and have very 
little effect on the new power stations, which operate on base load. 

It is therefore not unreasonable to state that one can predict 
without important error, for a given level of prices and during 
a period of stable economy, the costs incurred by the power 
station during the first ten years of its life. 

In the expression for F it is possible to split the costs into two 
parts, corresponding respectively to the first ten and last 20 
years of the life of the power station: this gives 


Fio 
SYS ets eee 
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and 


F F. 
730h=- 11 af py aht 30 bobs 
Fry ‘al ae ry Aly Tq ae (i +r) 


from which F = F}° + F30 


With practical figures it is possible to show that F{° is approxi- 
mately 70% of F. 
However, the annual costs, F,,, are the sum of three terms: 


(a) The capital costs corresponding to amortization for the 
construction. 

(b) The fixed charges for operating costs. 

(c) The proportional charges for operational costs. 


The terms (a) and (b) are not subject to great uncertainty. 
Term (c) calculated for the last 20 years of the life of the power 
station represents only about 15% of F, so that an error, even 
an important one in the power-station utilization forecasts over 
these last 20 years, is unlikely to modify F appreciably. 

Choice of the Power-Station Site—As in Great Britain, we 
have a set of very detailed maps and aerial photographs covering 
the whole of France, so that it is easy to find likely sites for power 
stations. Since the sites are generally beside navigable waterways 
or large rivers, they are always easily accessible, although, to 
accelerate surveying, we occasionally utilized the helicopters 
normally used for the inspection and maintenance of trans- 
mission lines. 

Station sites are always chosen in areas suitable for industrial 
development in consultation with all the Ministries concerned 
and the national or local administrations, and so far—in spite of 
inevitable difficulties—it has always been possible to reach 
satisfactory solutions. Often, as in England, local opposition 
has been met, based on the fear that the new station will inter- 
fere with the surrounding area through air pollution or noise. 
This opposition has often been reduced by visits to recent power 
stations in operation. 

We prefer to site our future stations on rivers which have a 
sufficient flow to provide direct cooling water to the turbine con- 
densers. In France, the average river-water temperature over 
the year is 60° F, leading to a turbine exhaust steam temperature 
of 80°F and an absolute pressure of 0-°5Ib/in?, allowing for a 
temperature rise of the river water of 12-5°F and a terminal 
gradient at the condenser of 7:5°F. These assumptions have 
made it possible to standardize on 125 MW turbines (3 000 r.p.m.), 
tandem compound with three exhausts, and 250 MW turbines 
(3000r.p.m.), tandem compound with four exhausts. 

In this light, the manufacturers supply turbines with the largest 
effective exhaust areas compatible with their type of construction 
(6m? for 125 MW and 11 m? for 250 MW). 

Taking into account the temperature of the river water and 
the quantity of energy supplied each month by the turbine, the 
most economic solution for each power station (condenser 
surface, pump capacities, culvert cross-section, etc.) is deter- 
mined by balancing capital costs against operational results by 
the method outlined above. 

Power-Station Design.—Most recent power-station buildings 
have been steel framed for reasons associated with cost, speed 
of construction and special space and ease of installation. 
Theoretically, it is possible to impute to the benefit of this con- 
struction the gain on marginal interests due to more rapid 
building. Our position in this connection is not as categorical 
as it may have appeared in the lecture, and arises only from 
the circumstances affecting France during these last few years. 
There may well be cases—due to the station site or the state of 
the steel market—when reinforced-concrete construction should 
be adopted. 
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The Bordeaux station is our only example of outdoor con- 
struction, and is an experiment, although our stations generally 
are built in the spirit of outdoor stations in the sense that the 
buildings in principle provide only cover and not support for 
the equipment. 

The standardized 125MW sets have the following charac- 
teristics: 


Turbines: 125 MW, 3000r.p.m. 


Steam conditions at step, valve .. 
Reheat ao : : 
Exhaust 


Boiler: output 900000 Ib/h. 


1 800 Ib/in2, 1000° F 
400 lb/in2 (approx.), 1 000° F 
0:5 1b/in? absolute 


Operating pressure at the drum.. 20001b/in2 
Superheated steam temperature 1015°F 
Reheated steam temperature 1015°F 


Feed-water temperature .. 465° F (approx.) 


The net specific consumption of the power station at economic 
rating is 9400B.Th.U./kWh,* and there is one control room 
for two adjoining sets. 

Each boiler is supplied by three feed pumps of 4500001b/h 


capacity each, with two pumps in service and one in reserve; — 


the pumps are driven by 1973h.p. electric motors supplied 


at 5:-5kV. For the new 250MW turbines the feed pumps for » 
the 17000001b/h boiler will be driven by an auxiliary turbine | 

This will make it possible to use © 
supplies of 380 and 5500 volts and so obviate the need for a — 


attached to the main turbine. 


third voltage. 


It is confirmed that our recent 500 MW stations equipped é 


with four 125 MW units, such as Creil or Porcheville, operate 


with a staffing of 0-4 man/MW. The total staff of these power | 


stations is less than 200, made up as follows: 


(a) An operational department (about 100 persons) responsible 
for the operation of the machines, coal handling, gardening and 
cleaning. 


(b) A maintenance department (about 60 persons) including a | 


methods office (planning, standing orders, stores) and working shifts. 


This department is responsible for normal plant maintenance, it | 
being understood that periodic maintenance, during heavy main- | 


tenance inspectionst of the main sets, is carried out with the 
co-operation of personnel from the firms who built the machines. 
(c) A technical department (about 15 persons) responsible for 


the operation and the maintenance of driving and control apparatus, } 


water treatment, tests and readings required for the economic control 
of the operation of the station. 
(d) An administrative department consisting of a few persons. 


The power stations are technically and administratively super- 
vised by a Regional Group for Thermal Production (G.R.P.T.) 
consisting of about 40 persons. From the administrative aspect 
the G.R.P.T. deals with the establishment of the rates of pay 
for personnel, stock accounting, general accounting and operating 
costs. These operations are all carried out mechanically. 
There are 10 G.R.P.T. in France, each having 4-6 stations in 
its area. 
regarding these organizations: as an example, Creil power 
station, commissioned during 1956, has already produced more 
than 3 x 10?kWh with this type of organization. 

Future Developments—The French nuclear power-station 
programme at present aims to achieve a generating capacity of 
850 MW by 1965 and then to maintain a rate of development 
allowing for doubling every three years, giving 2500 MW in 
1970 and 8000 MW in 1975. The peak capacity of the French 
network will then be about 20000 MW in 1965, 29000 MW in 
1970 and 40000MW in 1975. The nuclear power-station 
programme will not modify appreciably the use of conventional 


* In December, 1957, the Porcheville power station o ted with 
specific consumption of 9 800B. Th.U./kW) Wh. Peay NS 


t Boilers every 18 months; sets every three years in principle. 


The trades unions concerned are kept informed | 
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thermal stations recently commissioned or at present under con- 
struction during the first ten years of their life—say up to 1970— 
and thus the economics of these power stations, as described, also 
remain much the same. It is certain that in a more distant future, 
the implementation of large nuclear programmes will modify the 
use and therefore the economics or even the design of con- 
ventional thermal stations. These problems will therefore 
have to be re-examined for the conventional thermal stations 
to be built—and British experience on units operating on two 
shifts will then be very useful. 


Measures have already been taken to make it possible to shut 
down 125 MW reheat sets in the evening and restart them in the 
morning under the best possible conditions of safety by the use, 
for instance, of a turbine by-pass. The problem will be different 
from, and not so acute as, that in Great Britain, because we have 
large-storage and small-storage hydro-electric stations whose 
aggregate capacity already exceeds 5000 MW. There is, more- 
over, the development of gas-turbine peak power stations and 
an electricity tariff policy which tends to reduce the peak load 
on the network. 
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SUMMARY 


Problems in connection with the design and operation of turbo-type 
generators in certain special cases have been such as to indicate that 
the characteristics of the asynchronous generator are worthy of con- 
sideration. Such generators are not new, but relatively few have been 
commissioned and these are of small output. They are virtually 
induction or asynchronous motors, driven above synchronous speed 
by a prime mover and drawing their magnetizing current from other 
synchronous machines on the system or from capacitance available 
therein. The first part of the paper deals with the general principles of 
such generators, followed by a consideration of the characteristics and 
problems involved in their design, including core end heating and rotor 
surface heating. Consideration of the operation of the asynchronous 
generator enables an estimate to be made of the probable limits of 
asynchronous heating resulting from loss of excitation on synchronous 
generators, of the use of asynchronous generators as shunt reactors 
and their use on the high-speed lines of cross-compounded units. 


(1) INTRODUCTION 


The asynchronous generator has not been extensively used for 
power generation, although its characteristics and application 
have been reviewed in a number of publications! and textbooks. 
Such a generator is characterized by the absence of an exciting 
winding on the rotor, the excitation being provided by the system 
to which it is connected. It has been employed to utilize small 
sources of energy, for example small rivers where generators can 
be driven by a turbine having a constant gate opening. When 
water is plentiful an appropriate amount of power will be 
generated and when water is low the plant will run light. The 
systems to which such generators are connected must be relatively 
large, but as voltage regulation is carried out on the synchronous 
machines, the amount of control and regulating gear on the 
asynchronous machines is small and makes them most suitable 
for non-attended stations. The asynchronous generator has also 
been applied to industrial plant where process energy is available 
as a by-product.” 

The present study was made with the object of summarizing 
the problems associated with the design of asynchronous gene- 
rators and of considering their application as shunt reactors or 
as one component of a cross-compound unit. The absence of 
an exciting winding on the rotor creates a leakage field problem 
around the stator end windings, leading to stator-core end heating 
similar to that experienced on a synchronous generator at a 
leading power factor when the excitation is weak, and also when 
excitation has been lost. The factors affecting core end heating 
have been investigated. 

The mechanical design of an asynchronous generator of large 
output necessitates a solid rotor forging, and as the eddy-current 
losses induced in the rotor surface may become large, their causes 
have been reviewed. 


Mr. Richardson is with C. A. Parsons and Co., Ltd. 


October, 1957. It was published in January, 1958, and was read before the 


and the NORTH-WESTERN SUPPLY GrouP 8th April, 1958.) 


(2) ASYNCHRONOUS OPERATION 
(2.1) General Theory 


It is well known that an asynchronous motor, if driven above | 


synchronous speed, will feed power back into the system, the | 
power bearing a definite relationship to the slip—a reflection of | 
the conditions obtaining when operating as a motor. The 


simple circle diagram illustrating the operation of such a machine © 
Briefly A’) 


both as a motor and a generator is shown in Fig. 1. 


IN-PHASE CURRENT 


QUADRATURE CURRENT 


GENERATOR 
Fig. 1.—Simple circle diagram for asynchronous machine. 


is the no-load operating point, and the current vector OA’ has. 


flux and a power component A’A which is in phase with the 
The 


two components, a reactive component OA which produces the | 


supply voltage and is proportional to the no-load losses. 


point B is determined from the short-circuit input at full voltage, | 
and the locus of the current vector OP lies round a circle through 
7 


A’PB with A’C as a diameter. 


The load-current vector OP has two components, OA’ and { 


A’P, the latter balancing the ampere-turns on the rotor. The 
rotor conductors move at slip frequency with respect to the 


stator flux, and the voltage thus induced in the rotor conductors | 
As the load is reduced | 


causes current to flow in the rotor circuit. 
so also are the slip, the induced voltage and the current vector 
A’P, until at synchronous speed there is no rotor current. If 


the power flow is reversed and the motor is driven above synchro- 
nous speed, current again flows in the rotor conductors but in| 


the reverse sense, and the current locus moves round the locus 


of the diagram as shown by OP’. 
it will be seen that when generating power the machine will 
still be taking its reactive magnetizing current from the system as 


when running as a motor, so that the system to which it is con-. 


nected must be able to supply a reactive component of current. 
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It will also be evident that such magnetizing currents may be 
drawn conveniently from a system containing capacitance such 
as a long transmission line or cable system. 


(2.2) Self-Excitation 


If a capacitance is connected across the terminals of an 
asynchronous motor and the latter is run to speed, it will 
generate a voltage depending upon the speed of the motor and 
the magnitude of the capacitance. This is illustrated in Bisw2, 


GENERATOR VOLTAGE 


PHASE CURRENT 


Fig. 2.—Magnetization and capacitance characteristics. 


which shows the open-circuit excitation characteristic of an 
asynchronous motor, together with a capacitance characteristic. 
The voltage generated will be that corresponding to the inter- 
section of the capacitance characteristic with the open-circuit 
characteristic, ic. OA,. If the capacitance is increased a new 
capacitance characteristic will be obtained and the voltage 
generated will be OA,. The generator would have a drooping 
load characteristic, but it would be possible to obtain a com- 
pounding effect by the insertion of additional series capacitance. 

Such a generator would be capable of supplying power through 
a system containing capacitance, but the voltage and frequency 
would depend on the load; this condition of operation, which is 
not envisaged in the present paper, would require study where 
there existed a possibility of an asynchronous generator together 
with a portion of the network becoming isolated from the 
synchronous network to which it was connected. 


(2.3) Characteristics of a Solid Forging 


The conventional asynchronous motor has a laminated rotor 
with slots round the periphery carrying the rotor winding, and 
a similar construction is adopted for relatively small asynchronous 
generators, the winding being in the form of a squirrel cage. 
The paper is concerned with generators of large output at high 
rotational speed where it is essential to utilize a solid rotor 
forging for mechanical reasons. Clearly, secondary currents 
will circulate in the rotor surface of a solid rotor and give rise 
to torque, but in view of the resistance offered to the flow of 
such currents, consideration must be given to the amount of 
copper which can be incorporated in the form of a damping or 
sguirrel-cage winding. Various methods of calculation may be 
applied to determine the characteristics of solid rotors, and while 
the curves of Fig. 3 were determined for a relatively small 
machine,? similar effects will be observed on large units. 
Curve A represents the characteristic of a normal asynchronous 
n otor, curve B that for a motor having a solid mild-steel rotor, 
aid curve C that for a motor having a solid mild-steel rotor with 
the addition of copper damping bars. The latter curve shows 
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Fig. 3.—Characteristics of various types of rotor. 


A. Normal induction motor. 
B. Solid mild-steel rotor. 
C. Mild-steel rotor with copper damping bars. 


that the addition of the damping bars modifies the characteristic 
obtained with a solid-steel rotor so that it approaches that of a 
normal laminated rotor with a full squirrel-cage winding. 


(2.4) Power Factor 


The power factor of an asynchronous machine is inherently 
low, and while in certain circumstances such as in a shunt reactor 
this may be turned to advantage, the problem with asynchronous 
generators in general is to keep the power factor high. The 
curve of Fig. 4, which represents the manner in which the power 
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Fig. 4.—Variation of power factor with gap length. 


factor may be expected to vary with length of air-gap, has been 
drawn for a large asynchronous generator whose rotor diameter 
may be of the order of 36in. It will be clear that for economy 
in magnetization the gap must be kept toa minimum. In design- 
ing a generator with a small gap, care must be taken to avoid 
overheating of the rotor surface due to eddy currents set up by 
irregularities in the stator flux and the ampere-turn distribution. 
These problems are dealt with in more detail later. 

In most large generators the air-gap forms part of the ventila- 
tion circuit, and much care is taken to keep the average tem- 
perature of the cooling medium round the rotor surface as low 
as possible. The restriction in gas flow by the use of a small gap 
therefore introduces a real problem in ventilation. 


(2.5) Switching 


The asynchronous generator does not carry an exciting wind- 
ing, and it is put on to the bars of a system by running up to 
normal speed and switching in without any need for close syn- 
chronizing as in the case of a synchronous machine. There is, 


334 


however, the initial current rush associated with the establishment 
of conditions in the magnetic circuit similar to those which occur 
when switching-in a transformer. Such switching transients can 
be reduced by the insertion of a reactor during the starting period, 
but as this would reduce the maximum torque developed, it is 
essential to short-circuit the reactor before loading up the 
generator. 
(2.6) Fault Current 


An advantage of the asynchronous generator is that under 
fault conditions the fault current decays rapidly and is negligible 
after the first one or two cycles. The excitation is derived from 
the system to which the machine is connected, and under 3-phase 
fault conditions the system voltage disappears. There are, 
however, at the time of fault, flux linkages associated with the 
rotor circuit, and as these cannot change instantaneously, rotor 
and stator currents will flow in such a manner as to maintain the 
flux linkages. This condition is identical with that associated 
with the sub-transient reactances in a synchronous generator 
and for which the time-constant will be similar, i.e. about 0-03 sec. 
While the asynchronous generator does not impose a duty on the 
circuit-breakers, the high initial fault current must be considered 
when designing the protective-gear system. 


(2.7) Tests on 2500kW Generator 


Some time ago, tests were carried out on a 2500kW generator 
to investigate asynchronous operation. The generator was 
operated synchronously at a predetermined steady load and the 
exciter field circuit was then broken; readings were taken of the 
slip and stator current, following which the main field circuit 
was broken and readings again taken. On restoration of the 
original excitation conditions the generator pulled into step 
without difficulty. These tests were repeated at various loads, 
and Fig. 5 shows the relationship between load and slip. It will 
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Fig. 5.—Asynchronous operation of 2500kW generator. 


be seen that the slip is a minimum with the main field circuit 
closed, this being due to the effect of the rotor winding. The 
amount of secondary loss in the rotor can be estimated from the 
load and the slip at that load, and with the main field-circuit 
closed the rotor loss at full load is of the same order as the 
excitation normally required for rated load. When operating 
asynchronously it was found that swinging of the stator current 
occurred owing to the non-uniform reluctance of the magnetic 
rotor, which was slipping with respect to the stator field, but 
such surging would not be expected with a solid rotor or one 
with uniformly distributed damping circuits. 

These tests appear to demonstrate that without excitation the 
losses in the rotor are of the same order as those obtaining when 
fully excited at rated load. An examination of the available 
evidence over many years has indicated that generators have been 
known to lose excitation, in some cases owing to a failure of the 
exciter field, while in other cases the rotor field switch has been 
opened. As far as the author has been able to ascertain, there 
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have been no reports of overheating or damage to the rotor from 
such operation. Nevertheless, as shown in Section 3.6, over- 
heating of the stator may occur, and loss of excitation introduces 
a problem of protection. It is considered that loss-of-excitation 
alarms should be fitted wherever possible. 


(3) STATOR CORE END HEATING 


(3.1) Nature of End Leakage Flux Field 


Many studies have been made of the end leakage flux field 
associated with generator stator windings in connection with end © 
leakage reactance and also the stray losses associated with || 
various end structures and materials.4:> It is recognized that © 
these end leakage fluxes are not simple, and search coils posi- 
tioned in and round the end windings of generators have demon- 
strated the existence of radial, axial and tangential components 
of flux. In the following analysis the tangential component has 
been neglected, and in the leakage flux fields shown in Figs. 6-9 
only simple flux plotting has been employed. The analysis may ‘: 


not be precise, but it is believed to be of sufficient accuracy to | 


illustrate the manner in which end-iron heating is affected by the |) 
L 


variables of power factor, excitation, short-circuit ratio and 
material of the rotor end bell. 
The end leakage flux field has two components, one being the 


end leakage on the assumption that the magnetic circuit is” 


energized from the rotor only; this component is related to the 
gap flux density and is substantially constant. 


circuit is energized from the stator only; this depends in magni- 
tude on the stator current. 
‘rotor winding field’ and ‘stator winding field’ respectively. 
resultant field, i.e. that which causes core end heating, depends 
on the magnitudes and phases of the two components. 
be shown later that at leading power factor the resultant tends to 


become large, while at lagging power factor the components tend © 


to be in opposition and the resultant thus becomes small. 


Asynchronous operation with a zero rotor component gives rise | 


to heating dependent on the stator component only. 


That this end leakage flux field can cause overheating of the 


core end sections of generators has been recognized for some 
time, and curves showing the manner in which the intensity of 


heating varies with power factor have been published in the | 


American Press.© The extent of the heating has in certain cases 
imposed a limitation on loading. It should be recorded that in 
all probability the machines on which this information was 
obtained have a relatively high short-circuit ratio, ie. about 0-8, 
and have magnetic rotor end bells. 


(3.2) Estimation of Loss Intensity 


The following simple calculation relating to a 3000r.p.m 
generator rated at 60 MW, 0-8 power factor, 0-55 short-circuit 


ratio, will serve to illustrate in greater detail the method of 


estimating the intensity of core end loss. 

Consider first the end leakage flux field produced by the rotor 
excitation, neglecting the effect of the stator winding, the condi-’ 
tions being those which normally obtain under open-circuit 
conditions. A typical leakage flux field for this condition is 


shown in Fig. 6, in which are indicated the estimated values of - 


flux intensity entering the end packet of the stator. 
the variation of these densities it is necessary for the purpose of 
comparison to consider an average condition, and this has been 


taken as that relating to the mid-tooth position, the length of 


the associated leakage flux path being shown dotted. If I, is 
the length of the air-gap, and /, that of the end leakage flux path, 
and B, the flux density in the air-gap, the densities at various 
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Fig. 6.—Rotor winding field: non-magnetic end bells. 
Power factor, 0-8. Short-circuit ratio, 0-55. 

positions can be readily determined from the ratio of /, and /,. 

Typical figures for a generator having a short-circuit ratio of 

3°55 are /, 16in, J, 1-5in, B, = 7700 gauss, from which the 

mid-tooth density becomes 721 gauss. 

Consider now the condition due to the stator ampere-turns 
enly. The ampere-turns expended on the stator air-gap are 
46800, and the short-circuit ampere-turns, neglecting saturation, 
would thus be 46 800/0-55 = 85200. Assuming a reactance of 
15%, the ampere-turns expended on the air-gap would be 15% 
of 46800, or 7000, and the stator ampere-turns would thus be 
85200 — 7000, or 78200. If these ampere-turns are now con- 
sidered to be the only exciting force in the end region, the end 
leakage flux field can be plotted and takes the form shown in 
Fig. 7. It will be seen that the mid-tooth flux path shown dotted 
is Similar to thatrelating to the rotor-winding field in Fig. 6. This 
means that the mid-tooth density with only the stator excited 
would be 721 x 78 200/46 800, or 1205 gauss. 

When the generator is operating under rated-load conditions 
the resultant leakage flux in the end windings depends upon the 


Fig. 7.—Stator winding field: non-magnetic end bells. 
Power factor, 0-8. Short-circuit ratio, 0°55. 

s-wer factor and magnitude of the load, and these two fluxes 

mist be added vectorially to obtain the resultant flux. The 

tetor ampere-turn diagram, with the associated rotor cross- 

© tion to illustrate the relative positions of the rotor poles and 

b centre-line of the stator and rotor m.m.f.’s, at rated load and 


Fig. 8.—Rotor winding field: magnetic end bells. 


Power factor, 0:8. Short-circuit ratio, 0-55. 


0-8 power factor, is shown in Fig. 10; and the two components 
of end leakage flux are superimposed on the ampere-turn diagram 
to illustrate their vectorial relationship. The resultant end 
leakage flux density AB is determined by setting off OA equal 
to the rotor-winding field of 721 gauss, and OB the stator-winding 
field of 1205 gauss. As the power factor of the load is varied 
with constant apparent power, it will be seen that OB forms a 
radius of a circle with centre O. The loss in the stator core-end 
section due to the flux entering normal to the laminations is 
probably proportional to the square of the flux density, and by 
determining AB for various power factors with constant stator 
current, a power-factor heating characteristic, shown in Fig. 11, 
can be derived. 


(3.3) Effect of Magnetic End Bells 


The end leakage flux fields associated with magnetic end bells 
are illustrated in Figs. 8 and 9, and comparison with similar 
fields with non-magnetic end bells, Figs. 6 and 7, shows that 
there is an appreciable increase in the intensity of flux entering 


Fig. 9.—Stator winding field: magnetic end bells. 
Power factor, 0:8. Short-circuit ratio, 0-55. 

the stator core end, particularly in the region round the bore 

of the stator. In the machine under consideration the path /, 

is reduced from 16in to about 84 in, the end leakage flux density 

being increased in proportion. The resulting end heating curves 

have been plotted in Fig. 11, and that for the magnetic end bells 


Fig. 10.—Determination of resultant end leakage field. 
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Fig. 11.—Variation of end-iron heating with power factor. 


Short-circuit ratio, 0°55. 
w= == Short-circuit ratio, 1:0. 


x Test points measured on 60 MVA generator with non-magnetic end bells. 


shows that there is a marked increase in loss intensity compared 
with the figures obtained with non-magnetic end bells. 


(3.4) Effect of Short-Circuit Ratio 


The short-circuit ratio is a measure of the relationship between 
the ampere-turns expended over the air-gap and those due to 
the stator winding, and if we assume that the generator under 
consideration is designed for a short-circuit ratio of unity at 
0-8 power factor, we know that the rotor excitation ampere-turns 
remain unchanged for the same temperature rise; the air-gap 
will be increased from 14in to 24in, as shown in Fig. 12, and the 
stator ampere-turns reduced from 78 200 to 59000. The increase 
in gap length will increase /, by about #in to 163 in, and the new 
value of mid-tooth density corresponding to the open-circuit 


RICHARDSON: DESIGN AND APPLICATION OF LARGE SOLID-ROTOR ASYNCHRONOUS GENERATORS 


LEADING 


MW 
1:0 


oO 


RESULTANT 
END LEAKAGE FLUX 


ROTOR— WINDING 
LEAKAGE FLUX A 


[ 
LAGGING \ 
| 


CONSTANT 
EXCITATION 


: 
O55 S.C.R. | 
GAP 12” 
GAP 2% 


Fig. 12.—Relationship of stator and rotor ampere-turns with 
constant excitation. 

—— Short-circuit ratio, 0:55. | 
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condition becomes 7700 x 2-125/16-75, or 980 gauss. The 
mid-tooth density with only the stator excited becomes 
980 x 59000/66 600, or 870 gauss. 

Curves relating to a generator designed for unity short-circuit 
ratio (s.c.r.) have also been drawn in Fig. 11 and show the core 
end heating at various power factors with both magnetic and non- 
magnetic end bells. The effect of s.c.r. is small, similar heating 
being expected in machines designed for both 0-55 and unity s.c.r. 
It should be remembered, however, that the stator ampere-turn 
loading has been reduced to assist in raising the s.c.r. to unity, 
so that on a basis of similar stator rating the effect of a high 
S.c.r. is to increase the intensity of core end heating. 


(3.5) Core End Heating Limit 


The manner in which core end heating varies with load and 
power factor is illustrated in Fig. 13, but such a set of curves does 
not provide a ready guide to an operator, and any core end heat- 
ing limits must be expressed more conveniently. Assuming, for 
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Fig. 13.—Set of end-iron heating curves: non-magnetic end bells. 


example, that tests have shown that a heating limit is reached 
when the loss (proportional to B*) is 2-0; it will be seen that this 
level of heating is attained at, for example, 60% MVA at 0-4p ff. 
leading or 80% MVA at 0:92p.f. leading. Such points can be 
plotted on the conventional stability loading chart shown in 
Fig. 14, where the curve AA has been plotted corresponding to a 
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Fig. 14.—End-iron heating limit superimposed on stability diagram. 
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oss level of 2:0. The curves in Fig. 13 relate to a generator 
1aving non-magnetic end bells, for which the actual permissible 
oss level will be greater than 2-0 and in all probability will fall 
satside the stability diagram. The use of magnetic end bells 
may cause greater heating, and the loss level may well restrict 
te loading at leading power factor. 


(3.6) Comparison of Short-Circuit and Zero-Power-Factor 
Heating 
No-load tests carried out on generators at rated current both 
* zero power factor and under steady 3-phase short-circuit con- 
Vor. 105, Part A, No. 22. 


337 


ditions have indicated that the core end heating tends to be 
greater under short-circuit conditions than at zero power factor. 
Consideration of the flux diagram in Fig. 10 shows that at zero 
power factor lagging the resultant core end leakage flux is given 
by the difference between OB and OA, whereas under short- 
circuit conditions it is nearly proportional to OB. The core end 
conditions with a zero-power-factor test are therefore somewhat 
optimistic in regard to the core end temperature. 


(3.7) Asynchronous Core-End Heating 


When operating asynchronously the end leakage flux is that 
due to the stator current only, and is thus proportional to the 
vector OB in Fig. 10; the intensity of heating will be similar to 
that obtained under short-circuit conditions. 

When a synchronous generator loses excitation, however, the 
stator current becomes larger than normal owing to the out-of- 
phase component of current and may approach 200% of rated 
current. The end leakage field therefore becomes correspond- 
ingly severe and may cause overheating of the core end plate 
and the end sections of the stator core. The end sections of a 
stator core are usually designed to have a relatively large cooling 
surface per unit volume, and the thermal time-constant may be 
expected to be appreciably shorter than that of the main body 
of the generator. Heating tests at leading power factors have 
indicated that the temperature changes due to core end heating 
occupy about 20min. This means that, in the event of a 
generator losing excitation, unloading should commence as soon 
as possible to reduce the stator current to a value not exceeding 
full load current. During this unloading period, examination of 
the excitation circuit will show whether the fault can be rectified 
and the excitation restored, or whether the loss of excitation is 
likely to be prolonged, in which case unloading could continue 
and the set be taken out of commission. 


(3.8) Predetermination of Temperature Rise 


The calculated end iron heating curves in Figs. 11 and 13 have 
been shown in terms of relative heating, and no attempt has been 
made to express heating in terms of specific temperatures. The 
actual loss which would result from a given flux density depends 
upon the metallic part concerned, whether solid or laminated, 
and its electrical and magnetic properties. The actual tempera- 
ture of the part concerned would depend on its cooling surface 
and the velocity and mass-flow of the cooling gas. Manu- 
facturers in general will have details of temperature rises measured 
at the ends of generators they have tested under various loading 
conditions, and will be able to determine an empirical factor to 
insert in their loss calculations. 

Information regarding core end heating published in 19294 
showed that the core end temperature at constant apparent power 
fell from 70° C underexcited to 20° C overexcited. More recently, 
core end heating curves have been published® which are very 
similar in shape to those calculated and shown in Figs. 11 and 13. 
The hottest core end temperature fell from about 75°C at 0:8 p.f. 
leading to about 35°C at 0-8p.f. lagging. The latter figures 
were obtained on a large generator rated at 112-5MVA and 
operating with a hydrogen pressure of 41b/in? (gauge), but again 
no design details were given which would correlate the results 
with the specific rating of the generator. 

Core end heating tests have been carried out on a 3 000r.p.m. 
hydrogen-cooled generator rated at 60MW 0O-8p.f. 0°55s.c.r., 
operating at a gas pressure of 41b/in* (gauge) and having a total 
stator ampere-turn rating very similar to the figures taken for the 
calculation given in Section 3.2. The rotor was fitted with non- 
magnetic end bells, and the core end plate was of magnetic cast 
iron. Tests were carried out at a constant loading of 6 MVA 
at power factors between 0:9 lagging and 0:85 leading. The 
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curve of temperature rise of the hottest core end thermocouple 
is superimposed on Fig. 11, and it will be seen that, while the 
temperature level is low, the shape of the curve is very similar to 
that predicted. 


(4) ROTOR SURFACE HEATING 


Reference has already been made to the secondary currents 
which flow in the rotor windings and body, and which vary in 
proportion to the power generated by the machine, but there are 
a number of other factors which give rise to eddy currents in the 
rotor surface, particularly when a solid rotor is employed, and 
may result in serious overheating. 


(4.1) Flux Tufting 


As is well known, one of the serious disadvantages of a short 
air-gap with respect to the slot width and slot pitch is that pole- 
face losses are induced in the rotor surface due to the tufting of 
the flux under each of the stator teeth. This tufting can produce 
a high eddy-current loss in the rotor surface which appears as 
the machine is excited and is normally measured and included 
with the open-circuit iron loss. The factors affecting this loss 
have been the subject of a number of papers, and it is calculable 
with a fair degree of accuracy. 


(4.2) Phase Band Distribution 


There is also a rotor surface loss resulting from the spatial 
distribution of the stator phase bands. The stator m.m.f. wave 
of a 3-phase winding varies between two limiting waveshapes, 
and the harmonics corresponding to these waveshapes induce 
eddy currents in the rotor surface when the stator windings are 
carrying current. It is, for example, fairly well recognized that 
with a winding chorded 80% the harmonics are a minimum, 
resulting in the least loss in the rotor surface. Again, as the 
air-gap is reduced in length the rotor surface losses due to this 
cause increase, but a certain number of machines have been 
built and tested in which the rotor surface losses on load appeared 
to be appreciably greater than could be accounted for by the 
distribution of the stator phase bands. 


(4.3) Slot Ampere-Turn Concentration 


Investigations were made into the variation of flux density 
round the bore of an energized stator with a dummy rotor in 
position. It was found that the ampere-turn concentrations in 
individual slots resulted in appreciable flux variations, and by 
varying the air-gap the relationship between the gap and slot 
pitch was determined. The experiments were repeated with 
various stators having different winding and slot arrangements. 

The curves shown in Fig. 15 illustrate the relationship between 
the number of slots and the length of the air-gap. These curves 
were drawn on the assumption that the dimensions of a generator 
remain constant for a given output and that the number of stator 
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Fig. 15.—Rotor surface loss due to stator-slot ampere-turn 
concentration. 


slots can be varied over a wide range. It will be seen that, as 
the slot pitch becomes large, the loss increases rapidly. It is 
therefore important to appreciate the need for care in the selection 
of slots; for example, there is sometimes a choice of building a 
machine with either 72 or 36 slots, and while from a manu- 
facturing point of view the smaller number will probably result 
in a lower manufacturing cost, care must be taken to investigate — 
the relationship between the stator slot pitch and the length of. 

the air-gap before making a final decision to adopt the smaller 
number. 


(5) APPLICATIONS OF THE ASYNCHRONOUS GENERATOR ; 


(5.1) Shunt Reactor 


The amount of leading current necessary to charge transmission 
lines, particularly where they are being installed at a greater rate | 
than generating plant, introduces serious difficulties in connection 
with the stability of the system, and consideration has had to be | 
given to the installation of shunt reactors to offset the line | 
charging. It would therefore seem that, in circumstances such 
as these, it should be possible to make use of the characteristics — 
of the asynchronous generator, which relies upon the capacitance - 
in an overhead line or other synchronous plant to provide its 
excitation. In addition to performing the duty of a shunt 
reactor, the generator would, of course, provide useful power to - 
the system. | 

Under conditions of light load the corrective effect of an 
asynchronous generator would be that corresponding to the 
no-load magnetizing current. As the load built up on this 
generator, the out-of-phase component would increase as demon- 
strated in Section 2.1, but as the increase would be supplied by 
the synchronous machines, it would merely serve to increase 
their stability. The control and characteristics of an asyn-— 
chronous generator were explained in Section 2.1. 


(5.2) Cross-Compound Units | 
(5.2.1) Turbine Arrangement. , 


In view of the increasing demand for large units, power 
engineers are turning their attention to the application of the 
cross-compound unit; in certain cases this may consist of two 
high-speed lines, and in others a high-speed and a low-speed 
line. Where the latter scheme is envisaged it would appear that : 
the asynchronous generator may have a useful application on. 
the high-speed line. With such a scheme, the high-pressure high- 
temperature steam is fed into the high-pressure turbine on the. 
high-speed line, which runs at the maximum permissible speed. 
In this manner advantage is taken of the small-diameter turbine 
spindle, which is advantageous from the point of view of thermal ; 
mass and blade annulus. The high-pressure line feeds into the 
low-pressure line, and in general the latter runs at half the speed. 
of the high-speed line, i.e. the generator has four poles instead of 
two. In this case it becomes possible to provide an exhaust. 
annulus capable of handling the large volume of low-pressure 
steam. 

In large units an intermediate-pressure section is provided 
between the high-pressure and low-pressure turbines, which can 
be incorporated in the high-speed or low-speed line or in some. 
cases split, part of the section being on each line. Another factor. 
controlling the arrangement of the turbine cylinders is the overall 
length of the unit, and as far as possible the units are propor- 
tioned to occupy a similar length. The arrangement of the 
turbine does not fall within the scope of this paper, but, broadly 
speaking, the powers available from the high-speed and low- 


speed lines are similar, although a reasonable variation is tasty 
in either direction. 
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(5.2.2) Rating of Units. 


As already explained, the asynchronous generator draws its 
excitation from other units, so that when it is used it is convenient 
to regard a cross-compound unit as an entity; i.e. the low-speed 
generator must provide the excitation for the high-speed gene- 
rator. To illustrate the argument a hypothetical case of a 
200 MW cross-compound unit, rated at 0:85p.f., is considered. 
This is split into two equal lines each rated at 1OOMW. It is 
also assumed that the high-speed unit containing the asyn- 
chronous generator will deliver its output at a power factor of 
0-9 leading. The unit as a whole must deliver 200 MW and 
123 MVAr, and since the only synchronous unit is on the low- 
speed line this generator must be designed for an output of 
100 MW and 123MVAr. In addition, however, the low-speed 
generator must provide the magnetizing power for the high-speed 
generator, which, at a rated power factor of 0-9, amounts to 
48-6MVAr; i.e. the low-speed generator must be, rated at 
100 MW and 171-6 MVAr, or a rated power factor of about 0:5. 
Fig. 16 illustrates the foregoing steps which have to be taken to 
determine the rating of the low-speed generator. 
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Fig. 16.—Determination of rating of synchronous unit in 
cross-compound arrangement. 


(5.2.3) Effect of System Power Factor. 


The foregoing arguments have been applied to a unit designed 
_ to generate at an overall power factor of 0-85, but if, for example, 
the loading conditions are such that the rated power factor of 
the unit becomes unity, the low-speed generator will only have 
| to supply the magnetizing current for the high-speed generator; 
|e. its rated power factor will be 0-9 lagging. This is reasonable 
from the point of view of generator design, and it will thus be 
| apparent that the power factor at which the unit delivers its 
output has a large effect upon the power factor for which 
the low-speed generator must be designed. This variation is 
illustrated in Fig. 17, which shows the relationship between the 
' power factor of the load delivered to the system and the power 
‘factor of the low-speed generator for three different ratios of 
‘load split, namely 2:1, 1:1 and1:2. It will be seen that it 
is advantageous to keep the output of the high-speed unit less 
'than that of the low-speed unit, and that, where the power 
| Glivered to the system is at a power factor of unity, the electrical 
‘rating of the low-speed generator is not severe. 


(*.2.4) Effect of Short-Circuit Ratio. 

Where generators are intended to supply long overhead-line 
| s*stems, an immediate problem is that of stability, and, as is well 
karown, it has been customary in America to design generators 
‘& ving a short-circuit ratio of unity. Such generators must be 
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Fig. 17.—Effect of system load power factor on rating ofsynchronous 
unit. 
Output of asynchronous unit 
Output of synchronous unit 


larger and more expensive than those designed for a lower short- 
circuit ratio, and the limitations imposed on maximum permis- 
sible output by a high short-circuit ratio are such that on modern 
generators there is an increasing tendency to adopt a lower 
short-circuit ratio. The type of cross-compound unit described 
above, instead of having to provide line-charging capacity, in 
effect utilizes it as a means of excitation and thus puts the line 
capacitance to a useful purpose; the difficulty of providing 
generators having a high short-circuit ratio is thus minimized. 
The characteristic of an asynchronous generator is such that the 
magnetization required at various loads changes relatively slowly 
and thus more closely compensates for line-charging capacity 
oyer a wide range of load. 


(5.2.5) Features of High-Speed Unit. 

The construction of the high-speed line is more simple and 
robust than that of the equivalent synchronous generator. The 
rotor, which would normally have to be of a highly stressed 
alloy steel, may be replaced by a lower-grade forging, and the 
use of a highly stressed end bell is avoided. The rotor body 
end need not suffer the rapid reduction in section normally 
required to accommodate the rotor end windings, and could be 
tapered steadily from the body end to give a stiff shaft. The 
advantages of shaft end stiffness, and consequently high critical 
speed, are obvious. The absence of an excitation winding avoids 
the use of slip rings and the associated problem of current 
collection at high surface speeds. 


(5.2.6) Features of Low-Speed Unit. 

The normal direct-current excitation of the two units is con- 
centrated into the single low-speed unit, the excitation on that 
unit being correspondingly increased. Fundamentally the low- 
speed design of generator can accommodate adequate copper 
on the rotor without attaining excessive mechanical stresses, and 
this is particularly evident with the direct-cooled design. The 
additional exciting current leads to a problem of current collec- 
tion, but here again the stiffness of the shaft end, the area of 
slip-ring surface which can be provided and its relatively low 
surface speed render the current collection problem less difficult. 
The mechanical stresses in the rotor end bells and in the rotor 
body are moderate, and for the latter a low grade of steel is 
probably permissible. 


(5.2.7) Cost and Efficiency. 


It is evident that the frame size and efficiency of the proposed 
units on the high-speed and low-speed lines will not be identical 
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with what might be regarded as the normal synchronous arrange- 
ment of units, and the overall economic position can best be 
illustrated by comparing details of the units required to supply a 
system load of 200MW at 0-9p.f. leading. It appears to be 
most convenient to make a direct comparison between the units 
on the high-speed lines and those on the low-speed lines. 

Of first consideration is the rating of the units in relation to the 
reactive power requirements. The total reactive demand corre- 
sponding to a power factor of 0:9 is 96:82 MVAr leading. A 
general consideration of the design of the high-speed asyn- 
chronous generator indicates that it may be expected to have a 
rating of 100 MW at a power factor of 0-75 and will therefore 
absorb a total reactive power of 88:2 MVAr. The net reactive 
power to be supplied by the synchronous unit will therefore be 
8-62MVAr leading, so that this unit will have a rating of 
100 MW at a leading power factor just removed from unity. 

The costs of generators, other factors being equal, may be 
assumed to vary rather less than the ratio of their D*Z products, 
where D is the outside diameter and L the length of the core. It 
will be clear that the generator frame size of the high-speed 
asynchronous unit rated at 0-75 p.f. leading must be larger than 
that of the equivalent conventional high-speed synchronous 
generator rated at 0-9p.f. leading, and the D2L ratio is approxi- 
mately 138 : 100. The low-speed generator rated at about unity 
p.f. will be somewhat smaller than the conventional generator 
rated at 0-9p.f. leading, the ratio being approximately 94 : 100. 
The ratio of the total D?L’s for the two schemes considered is 
232 : 200, an increase of 16%. 

On the score of efficiency the larger asynchronous unit on the 
high-speed line must have relatively larger no-load losses, and as 
the stator current of this unit is some 20% larger than that of the 
corresponding synchronous unit, the load losses will be larger. 
There remains the excitation loss, and although the asynchronous 
unit has no exciting winding, there is a loss in the rotor surface 
due to the slip-frequency currents; this loss can be minimized 
by the use of a squirrel-cage winding. On the other hand, the 
low-speed synchronous unit rated at a power factor of about 
unity must have an efficiency at least equal to, if not slightly 
better than, that of the corresponding unit rated at a power 
factor of 0:9 leading. 

On balance, therefore, there is an increase in the first cost 
based on the D?L figures and a slight reduction in efficiency of the 
asynchronous-synchronous scheme compared with the conven- 
tional synchronous arrangement. This additional cost and loss 
are mitigated to some extent by the less costly construction of 
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the rotor of the asynchronous generator, and must also be offset 
by savings which may accrue from the reduced cost of switchgear 
and simplicity of control. 


(6) CONCLUSIONS 

(i) A study of the design problems associated with large 
asynchronous generators indicates that such machines are 
practicable. Of particular interest is the problem of stator core 
end heating, which also has an interesting application to the 
problem of core end heating at leading power factors on syn- 
chronous machines. 

(ii) The use of the asynchronous generator as a shunt reactor 
in conjunction with synchronous plant on large systems may 
assist by improving system stability. 

(iii) The asynchronous generator may have an application in 
the high-speed line of a cross-compound unit, in particular where 
the power factor of generation is high. 
be considered expedient to install generating plant close to either 
fuel or water, and to transmit the generated power over relatively 
large distances to the load centres, which introduces the problem 
of line charging. 
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DISCUSSION BEFORE THE SUPPLY SECTION, 26TH FEBRUARY, 1958 


Mr. W. N. Kilner: The temperature-rise figures for the 60 MW 
generator, shown in Fig. 11, are low, and it might be assumed 
from this that core end-heating is not a serious problem. 

I understand that the stator ampere-turn loading of this 
generator is small by modern standards, and that generators are 
now being made where the ampere-turn loading is 80% greater. 
Unless some special precautions are taken in the design of the 
more highly rated generators, such as the provision of dampers 
in the end-leakage field, core temperature rises of the order of 
100°C may occur. I presume that the generator referred to in 
Fig. 11 was not provided with end-field dampers. 

The author has shown that, if asynchronous rotors are used, 
the burden of providing excitation must be transferred to some 
other part of the generator—the stator—or to the supply system 
or the rotors of some other synchronous generator. But, can 
the other components be made to take over the duties which the 
asynchronous rotor cannot now perform? Yes, says the 
author, and if you have a power system which operates at 0:9 


power factor leading, and you require a 200 MW set and are — 


satisfied that this should be of the cross-compound type, with 
the loads divided equally between the two lines, and if it is 
economically sound to run one turbine at half the speed of the 
other, then you can make the high-speed generator of the asyn- 
chronous type, and the overall cost of both generators will be 
increased by about 16%, and the efficiency will be a little lower. 


We should like to ease the burden of the synchronous generator | 


rotors, but not, I suggest, at that price. 
And here is another difficulty. If the power factor of the 


load should change from leading to unity power factor, and it is — 
likely to do this in most systems when they are fully loaded, the - 


proposed 200 MW generator set would only be able to deliver less 


than 25% of its rated load, with corresponding loss of revenue — 


In certain cases it may — 


nies 


—_ 


"a 


from capital invested in the boilers, turbines and transformers. — 


Full output could, of course, be obtained by installing a large 
synchronous condenser, but this would be expensive. 


It is unlikely that there are many large systems fed by thermal | 
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plant which operate continuously at a power factor of 0-9 
leading. I submit that a more normal case on which the eco- 
nomics of the problem should be considered is the hypothetical 
one referred to in Section 5.2.2. Here the normal system power 
factor is 0-85 lagging. Conventional synchronous generators 
designed for 0-85 power factor lagging would be able to deal 
with full load at any power factor between 0-85 lagging and unity 
or 0-95 leading. 

The MVA rating of the high-speed asynchronous generator is 
about 6% less than that of the corresponding synchronous 
generator, but the low-speed generator rating is increased by 
70%. The overall increase in MVA is 32%, and I would suggest 
that the overall increase in cost would be of: the same order. 
This is a conservative estimate, because the asynchronous 
generator would probably have a larger D*Z than the syn- 
chronous generator. This is a factor which must also be con- 
sidered, having in mind the very real difficulty of transporting 
the stators of large generator units. 

Would the author say why, in his conclusions, he states that 
the asynchronous generator may have an application in a 
cross-compound unit, when the paper in general indicates that 
it is not an economic proposition ? 

Mr. L. W. James: A similar investigation was carried out 
some seven years ago, when it was suggested that it might be 
reasonable to carry a few solid rotors as emergency spares for 
sower plant in this country. Tests were made on a 30 MW 
generator to check calculations, and loads up to about 12 MW 
were carried for a few hours without excitation. At such loads 
the stator windings and core ends appeared to reach limiting 
temperatures, and this was coupled with adverse voltage effects 
on the local system. 

The author refers to switching-in without close synchronizing, 
but with the same standard of stator-winding bracing this could 
equally well be used for wound-rotor machines, the excitation 
being applied after the machines had been switched on to the 
system. 

The fault currents from asynchronous generators should be 
taken into account when dealing with the magnetic effects of 
peak short-circuit currents, and on a large system the short- 
circuit capacity of switchgear appears to be determined largely 
by the in-feed to a generator-transformer circuit fault, so that it 
is unlikely that any major saving could be made in this respect. 

Recent assessments of the cross-compound machine for this 
country indicate that both lines should run at 3000 r.p.m., and 

there would therefore not appear to be a case for one of these 
machines being an asynchronous generator. 

An assessment of the losses obtained with the combination 
proposed in Section 5.2.2, which gives a power factor suitable 
for this country, suggests that the overall efficiency must be 
reduced by approximately 4%, when compared with two syn- 
_chronous lines, and this, coupled with the increase in MVA from 
236 to 311, would appear to rule it out on economic grounds. 

Would not the suggestion that the rotor body ends could be 
tapered steadily from the body result in a further increase in the 
end heating and stray losses? 

Mr. VY. Easton: It appears from Fig. 4 that, to obtain a power 
factor of 0-9 leading on the asynchronous generator, a gap of 
about 0-2in is required; this would give rise to high rotor 

sarface loss in addition to posing serious cooling problems. With 
-& more practical gap length to give a power factor of 0°75 as in 
Section 5.2.7, the rating of the low-speed line is increased to 
238MVA, so that the asynchronous generator becomes a unit 
extra to plant capable of supplying more than the specified 
}@itput. This cannot be economically or technically sound, par- 
| ticularly as there are other more simple methods of compensating 
leading reactive power which will also cater for changes in 


system power factor during periods of heavy load or as a future 
development. The possible application of large units of this 
type must therefore be very limited. 

The subject of stator end heating is involved, and there is no 
doubt that the over-simplified treatment of the paper has led 
to some erroneous conclusions. The method is obviously incor- 
rect at low lagging power factors when the indicated heating is 
less than that on open-circuit. The shape of the predicted curve 
at higher power factors is similar to that drawn through the test 
points, but this is a coincidence rather than a true explanation 
of the phenomenon. The basis of Fig. 11 is so ill-defined that 
it is difficult to reach any definite conclusion with regard to the 
effect of higher short-circuit rating, although the heating may 
be expected to increase slightly for the same unit output. With 
magnetic end-bells, infinite permeability has been assumed to 
give a much shorter effective flux path and increased heating in 
the ratio of 3-6 compared with non-magnetic bells. While this 
ratio may be correct for some alternators, it is not applicable to 
others of different construction on which tests have shown 
negligible difference on open-circuit and at zero power factor 
with factors of about 1-35 to 1-5 at high leading power factors. 
Has the author any data relating to variation in heating down the 
tooth or to substantiate the curves of Fig. 13, wherein the heating 
varies approximately as the first and not the second power of the 
specific loading? 

Mr. V. J. Vickers: My company has had the opportunity of 
running an air-cooled 30 MW alternator and a 60 MW hydrogen- 
cooled alternator asynchronously, and the values of slip obtained 
with the fields open are shown in Fig. A superimposed on the 


PERCENTAGE LOAD 


0 O2 O04 O6 O8 1:0 1:2 14 16 18 20 
PERCENTAGE SLIP 
Fig. A.—Asynchronous operation of turbine-type generators. 


(a) Curves of Fig. 5. 
(b) 30 MW generator with field open. 
(c) 60 MW generator with field open. 


The 30 MW machine was run asynchronously 
for periods up to # hour at a time at 12 MW and with a stator 
current of about 859 of rated value. Thermocouples in the 
end-packets of the stator iron showed a rapid rise in temperature 
from 45°C to 90°C, at which they levelled off after about half an 
hour. An opportunity was taken later to remove the rotor end- 
bells and no signs of general or local overheating were found; 
this, coupled with the fact that colour-change paints which had 
been applied to the rotor did not show any significant tempera- 
ture increase, confirmed our view that, when operating asyn- 
chronously, the limit in output would be set by the stator rather 
than the rotor. 

The low temperature rises measured on the machine of 
Fig. 11 may be the result of the relatively low ampere-conductor 
loading, but I would ask the author whether his detectors were 
located between the end clamping-plate and the first lamination 
or inserted in holes drilled in the outer surface of the plate. 
Further, would the author give his views as to the effect on the 
temperature rise of the end iron of the substitution of non- 
magnetic end-plates ? 


curves of Fig. 5. 
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The suggestion is made in Section 5.2 that the asynchronous 
generator may have an application for the high-speed line of a 
cross-compound unit where the system power factor is high. 
While not necessarily agreeing with the economics of such an 
arrangement, it seems to me to pose a problem in starting. I 
would ask the author for his proposals for running such a unit 
up, bearing in mind that in many cases the steam input necessary 
to run the high-speed line up to rated speed will only give a 
relatively low speed on the other line. 

Dr. P. D. Aylett: The author suggests that an asynchronous 
generator would impose no fault duty on the circuit-breakers. 
It is, however, necessary to consider the possibility of closing a 
breaker onto a fault, when the maximum fault currents, including 
the sub-transient currents of the asynchronous machines, would 
be available. 

As the system is developing in this country, the asynchronous 
generator might become an attractive proposition. There is a 
large h.v. cable network in the London area the capacity of which 
is bound to increase greatly in the future. Asynchronous 
generators could be installed in this area to absorb the mag- 
netizing current supplied to the system by the cable capacitance, 
thus avoiding the expensive alternative of providing shunt 
reactors. 

Unfortunately, we cannot ensure that the asynchronous 
generator connected close to the cables will be running at the 
time when it is required to absorb magnetizing current. This is 
likely to be at night, when generators at the coalfields or in 
nuclear-energy stations producing the cheapest active power 
would be operating, and those in the London area would be 
shut down. Asynchronous generators would thus not solve the 
problem in the London area. 

An important question which influences system designers is 
that of transient stability. When there is a system fault the 
synchronous machines will start swinging and may go out of 
step if the fault is not cleared rapidly. It may be thought that 
asynchronous machines would have better characteristics in this 
respect. They cannot, after all, go out of step. However, there 
is another problem which arises with asynchronous machines. 

There will be a pull-out torque just as for an induction motor, 
and incidentally I would have liked to see some estimate of the 
torque/slip curve for the hypothetical generator which the author 
has suggested. Now, a synchronous machine will give the 
equivalent of about five times its rated torque under transient 
conditions. To produce the equivalent performance, the asyn- 
chronous machine should have a pull-out torque of about five 
times its rated value, when connected through a step-up trans- 
former onto a strong busbar. 

We have recently carried out tests on synchronous generators, 
and in one case we found that the asynchronous pull-out torque 
was only about one-and-a-half times rated torque. Further, the 
asynchronous output depends upon the square of the system 
voltage, so if the system voltage collapses the asynchronous 
torque is reduced much more than the synchronous torque. It 
is unlikely, therefore, that the machine suggested by the author 
will have any advantage in meeting the problems of transient 
stability. 

It does not look as though asynchronous generators will be 
very useful to us in this country, but I consider that if syn- 
chronous generators can be designed so that they can run 
asynchronously, not just for a few minutes as at the moment, but 
for longer periods, it would be a most useful advance in design. 
I do not think this will prove difficult, since the short-circuit 
ratios are failing and transient reactances are rising as a natural 
consequence of the development of large direct-cooled machines. 
This will mean that the machine will tend to take smaller currents 
when running asynchronously. If we can get a 0-9 power- 


factor (lagging) machine which when run asynchronously only 
takes current at 0-9 leading, it is clear that the only difficulty 
likely to arise is excessive core-end heating. 

Since in the future I consider that our synchronous machines 
will be.required to operate with power factors down to 0-9 lead- 
ing in some circumstances, the problem of core-end heating must 
in any case be solved by the designers. 

Mr. D. J. Miller: A previous speaker has questioned some 
of the simplifying assumptions that the author made in arriving 
at the relative heating curves, but I am wondering whether his 
fundamental theory is right in this respect. Fig. 7 shows the 
flux coming from the stator end-core and linking with almost all 
the field windings. On the other hand, Fig. 10 shows the stator- 
winding leakage flux opposed, as it were, by the rotor-winding 
m.m.f. corresponding to normal voltage on open-circuit. 


Because this stator leakage flux is linking with the whole of the | 
field windings, it ought to be opposed by the whole of the field — 


ampere-turns at that load. Putting’ it another way, the author 
is applying the principle of superposition, and neglecting satura- 
tion, should consider the two total m.m.f.’s, the one due to all 
the field ampere-turns being opposed by all the stator ampere- 
turns, to get the resultant leakage flux. 

According to the curves in Fig. 3 it appears that the reactance 
of the rotor is the trouble rather than the resistance as stated in 
Section 2.3. 

With reference to Section 2.4, could the author give me any 


indication whether, with the small air-gaps that would be | 


necessary, any trouble would be experienced with unbalanced 

magnetic pull, particularly as it might affect bearing design? 
The fact that the asynchronous generator would not provide a 

continuous fault current might not be entirely an advantage, 


since with over-current relays as the basis of most schemes of 


back-up protection it is necessary to have this current. 

The author’s paper is very valuable, even if we never have 
large turbo-type asynchronous generators. Recently we have 
found that certain Continental manufacturers are prepared to 


put forward large synchronous condensers to operate with nega- | 


tive excitation. Whether they do so with full knowledge of the 
core end-heating effect is not certain, but with this method of 
operation there can be significant savings in the size and cost 
of the machine which we in Britain cannot afford to neglect. 


| 


Mr. B. Adkins: The discovery that it is possible to run a syn- — 
chronous machine asynchronously with a very small slip and 
without excessive rotor losses appears to have come as a sur- 
prise, but if full use had been made of methods of calculation 
that have been available now for 28 years, there would have - 


been no occasion for surprise at all. The well-known paper by 


Park* indicated the method which could be used for calculating | 


the asynchronous characteristics of synchronous machines, and 
this was amplified in some detail by Linville.t Iam sure that it 
would have been possible, at least approximately, to apply the 
method to this problem. 

I should like the author’s opinion on the relative importance 
of the damper bars and of the solid rotor itself in producing a 
damping effect in a typical turbine-type machine. 


It is interesting that the author has approached the induction — 
motor in the light of his experience on the synchronous machine. © 


That seems to be very logical. 


The common method of 


approaching the theory of the induction motor is to start with 


the transformer and to regard the induction motor as a kind of 
It is, however, much more important 


generalized transformer. 
that the induction motor is a rotating machine in which mechani- 
cal power is produced, than that its circuits have something in 
common with the transformer. The induction motor can be 


* Transactions of the American I.E.E., 19 
+ Ibid., 1930, 49, p. 531. » 1929, 48, p. 716. 
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considered just as a special case of a synchronous machine—a 
synchronous machine with no field winding and with the damp- 
ing system symmetrical on the two axes. 

Mr. D. P. Sayers: Having listened to the author and the dis- 
cussion I am at a loss to understand what useful purpose can 
be served by an asynchronous generator. The author poses one 
or two possible applications in most unusual circumstances, but 
even in such cases I would think that a synchronous generator 
together with suitable reactors or capacitors would meet the 
requirements more economically. Can the author say whether 
the asynchronous machine has any real application in the modern 
system ? 

Dr. W. J. Gibbs: I want to criticize the paper from the design 
point of view. The paper gives the impression that the main 
difficulty in designing solid-rotor machines lies in dealing with 
stator-core end-heating. Although this is important, I should 
have thought it could be treated in the usual way by experimental 
work with damping circuits. I am sure the author will find that 
his real difficulties will be associated with other topics he men- 
tions in his paper, topics over which he skates very lightly 
indeed. 

Mr. V. Ahmad (communicated): In order to improve the power 
factor, an asynchronous generator must be designed with as 
small an air-gap as possible. The author concerns himself with 
the development of high-speed asynchronous generators of large 
sutput with solid rotors, but I take it that he considers it rather 
unavoidable to use either damper bars without end rings or a 
squirrel-cage winding on the rotor in order to increase the output 
of the machine and also perhaps to eliminate the stator current 
surging. If so, the rotor will be slotted, and coupled with the 
decrease in the air-gap, an additional source of loss that has not 


been considered in the paper, is likely to show an appreciable 
effect as in induction motors, namely the iron loss occurring in 
the stator and rotor teeth at high frequencies due to tooth 
ripples in the zigzag leakage flux, which will, however, remain 
entirely absent if a smooth solid rotor is used. 

The factors on which this loss depends are discussed by 
Barton and Ahmad.* If the necessary precautions are not taken 
in design, it may become a predominant source in large and 
high-speed asynchronous generators, being large in stator teeth 
because of large ampere-turn concentration therein under 
normal operating conditions, and in rotor teeth because of their 
being unlaminated. In certain cases it may come out to be 
even more, but generally it is likely to be comparable with the 
eddy-current losses in the rotor surface and the pulsation losses 
in the rotor iron (Section 4.1) taken together, which are due to 
the tooth ripples in the main flux. 

Iam not quite sure about the type of rotor used in the experi- 
ments described in Section 4.3, but I presume that the losses 
increased rapidly as the ratio of the stator and rotor slot-pitches 
departed more and more from unity, and if so, the increase may 
be taken as due partly to the zigzag leakage-flux component and 
partly to the main flux component of the tooth-frequency loss. 
Theoretically, the zigzag leakage-flux component of the loss may 
be completely eliminated by making the stator and rotor slot- 
pitches equal, but in practice it may be considerably reduced 
by making their ratio as near unity as possible, the actual 
number of either stator or rotor slots having practically no 
effect on it. 


[The author’s reply to the above discussion will be found on 
page 346.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE UPON TYNE, 24TH FEBRUARY, 1958 


Mr. W. D. Horsley: The author’s interesting study is of value 
in showing that large high-speed asynchronous alternators of 
large output are practicable, even if it is not immediately pos- 
sible to form any definite conclusions in regard to their 
application. 

The additional cost of a combination of asynchronous and 
‘synchronous units would only be justified for systems normally 
‘operating at leading power factor or if larger and more 
‘economical units were thereby made practicable. 

For systems where shunt reactors are a necessity, the asyn- 
‘chronous alternator appears to have possibilities, although it is 
not possible to generalize, and such projects would have to be 
‘considered individually. The cost of conventional reactors is 
Jess than that of high-speed synchronous machines of equivalent 
ycapacity. On the other hand, the cost of a high-speed asyn- 
ichronous compared with a synchronous machine would be 
‘reduced owing to the simple rotor construction. In addition, 
it should be possible to reduce the cost by taking advantage of 
ithe simplified construction of the rotor to increase the rating. 
'The end-leakage flux would be increased, but there are various 
ymeans which could be adopted to minimize its effect. The tests 
ioe the 60 MW alternator referred to in Fig. 11 show that the 
‘temperature rises of the ends even under leading power-factor 
‘ceaditions are moderate, and some margin is available for 
lizreasing the rating. 

in this connection, the author suggests that, with an asyn- 
hronous rotor construction, the abrupt change in section at 
ith: ends of the body could be eliminated. The mechanical 
“design would be improved, but the length of the leakage path for 
“b> end-leakage fluxes would be shortened and the losses corre- 


spondingly increased. Some compromise would have to be 
made. 

The losses in an asynchronous rotor could undoubtedly be 
made small. The slip characteristics given in Fig. 5 indicate 
low values of loss in a conventional rotor operating asynchro- 
nously. The tests on the 60 MW set referred to gave values of 
slip at full load of about 0:3% and 0:7% respectively with and 
without the field winding connected. 

In comparing leakage fluxes at different loads, the author has 
neglected the effect of saturation and variations in the reluctance 
of the leakage paths with the rotor angle. The curves in 
Fig. 11 seem to indicate that the effect is not great, and the 
results with magnetic caps would be of interest in this connection. 

The paper adds to our knowledge of end heating and shows 
thatthe technical problems likely to beencountered in thedesign of 
high-speed asynchronous generators are not formidable, and that 
for a few applications an economic study would be worth while. 

Mr. R. A. Hore: The author has discussed core end-heating 
Principally as it affects synchronous machines. I would have 
thought that the virtual absence of rotor end-winding and the 
absence of end bell would have considerably alleviated the 
problem in the case of asynchronous machines. 

Self-excitation is rather more of a problem than indicated; if 
the machine overspeeds the frequency rises, the open-circuit 
excitation characteristic rises and the capacitance characteristic 
falls, so that smaller values of capacitance suffice to produce the 


* Barton, T. H., and AHMAD, V.: ‘The Measurement and Prediction of Induction 
Motor Stray ‘Loss at Large Slips’, ” Proceedings 1.E.E., Monograph No. 219 U, January, 
1957 (104 C, p. 229). 

BARTON, T. H., and AHMAD, V.: ‘The Measurement of Induction Motor Stray 
Loss and its Effect on Performance’, ibid., Monograph No. 255 U, September, 
1957 (105 C, p. 69). 
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phenomenon (see Fig. 2). The actual voltage produced is, 
however, usually limited to something less than twice normal by 
saturation of the machine and of system transformers. 

The author’s proposals for cross-compound sets are only 
attractive if the overall power factor of generation is about the 
same as that of the asynchronous machine, since (Fig. 16) the 
shortest distance between two points is a straight line. However, 
in long-distance transmission it is often difficult to reach surge 
impedance loading, and thus the generation power factor may 
well be predominantly leading. D.C. transmission, where no 
reactive power whatsoever is transmitted, may also be a case 
where spare reactive capacity is cheaply available at the genera- 
tion point for exciting an asynchronous machine. On a smaller 
scale, one rather special case of interest is the Hebrides scheme, 
where the charging current of submarine cables much exceeds 
the generation capacity; some synchronous plant is, however, 
essential for fine voltage control. 

Mr. T. H. Milne: The current inrush on switching in the 
asynchronous generator will be of short duration, and for this 
reason may not be objectionable, but will there be shock to shaft 
couplings, especially if the speed is not exactly synchronous on 
switching in? If so it would seem desirable, as a precaution, to 
employ a slip-measuring relay, possibly interlocked with the 
breaker closing circuit. 

It is regrettable that no reference to switching has been made 
in connection with the cross-compound examples in Section 5. 
Presumably the author has in mind the use of separate circuit- 
breakers for the two generators. In circumstances where a 
single circuit-breaker is appropriate the excitation for the asyn- 
chronous generator will be drawn from the synchronous unit 
when the latter’s excitation is built up preparatory to syn- 
chronizing with the system. In this case there need be no shock 
or inrush on switching in, but it would be necessary for the 
synchronous machine to be capable of delivering the no-load 
lagging output required. 

The two examples given in Section 5 illustrate how the choice 
of power factor for the asynchronous unit will depend largely on 
the system conditions. In the first example the optimum 0-9 
has been chosen presumably to keep the synchronous machine’s 
reactive loading to reasonable proportions, whilst in the second 
example the assumed system power factor of 0:9 leading pro- 
vides scope for the asynchronous machine to adopt an easier 
design. Conditions in this country favour the first rather than 
the second example, and it is a pity that the estimation of cost and 
efficiency should be based on the latter. 

With regard to core-end heating, it would seem from a con- 
sideration of Fig. 10 that the worst flux condition is experienced 
if the machine slips poles, because then the stator and rotor 
vectors become additive and the resultant passes through a 
maximum. Although the duration of such conditions is short, 
they affect mainly only two or three laminations of core plate and 
hence a considerable temperature rise may result, especially after 
several pole-slips. 

Mr. F. H. Birch: It is stated in Section 2.6 that an asyn- 
chronous generator does not impose a duty on circuit-breakers. 
Whilst this statement is probably intended to relate to a 3-phase 
fault condition, it must be recognized that 3-phase faults com- 
prise less than 10% of the faults experienced on the Grid system 
in this country. The remainder are unbalanced faults involving 
only one or two of the phases and generally earth in addition. 
Large generators in this country are now switched at 275 or 
132kV and the h.v. neutrals of their step-up transformers are 
directly earthed. This form of earthing, coupled with the fact 
that with unbalanced faults the asynchronous generator will 
have a field maintained by the sound phase or phases, suggests 
that the circuit-breaker duty would be far from negligible. 


In Section 2.7 the author recommends the fitting of loss-of- 
excitation alarms wherever possible. The general omission of 
these alarms in the past has not been embarrassing, owing, 
probably, to the fact that loss of field has generally been accom- 
panied by noisy operation of the voltage regulators. If the 
machine is on full load when its excitation is lost, it may trip 
out on over-speed, but if this does not happen the increase in | 
stator current may be just sufficient to cause operation of the | 
back-up over-current relay. 

It would appear that the loss of efficiency arising from the ) 
use of an asynchronous generator would outweigh the advan- 
tages described in Section 5.2. Assuming a reduction in | 
alternator efficiency of 1°%, an overall thermal efficiency of 35 % 
and coal at 11500 B.Th.U./Ib costing 70s. per ton delivered, it is | 
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calculated that with an average load factor of 70% the cost of | 
additional coal consumed on account of the reduced alternator | 
efficiency would amount to £420000 over the 25 years’ life of | 
the machine. If the capital cost of the alternator is taken as £2 | 
per kilowatt, this is slightly less than the extra coal cost, which | 
is therefore prohibitively high. | 

Mr. H. D. Briggs: The small air-gap required for the asyn- | 
chronous generator (Fig. 4) would certainly seem to present a — 
problem in the larger sizes, owing to the restriction of ventilation | 
in the air-gap. Another point is that the reduced air-gap may | 
result in an undesirable tooth ripple, causing harmonics in the — 
stator windings. 

Referring to the cross-compound unit suggested in Sec- | 
tion 5.2.1, it occurs to me that there may arise a turbine problem . 
worth considering. In the arrangement described, one has an | 
asynchronous generator in the high-speed line and the shaft may | 
be said to be ‘loosely’ tied to the system frequency, i.e. it would | 
not be running at synchronous speed or at any fixed ratio to it. | 
On the other hand, in the low-speed line the shaft driving the | 
synchronous generator would normally be tied ‘rigidly’ to the 
system frequency. This would seem to present a difficult | 
governing problem in a cross-compound turbine set, and I 
would be interested to know if the author has considered this. 
point. 

Mr. G. H. Hickling: It has been suggested during the dis- | 
cussion that the use of a small air-gap in an asynchronous 
generator, for reasons of efficiency, may incur risk of contact | 
between rotor and stator as the result of any unbalance vibrations 
occurring in the rotor. In contrast with this view, however, I 
believe that such generators, having solid squirrel-cage rotors | 
with no insulation, are likely to be particularly free from | 
unbalance troubles, and that no such danger should therefore | 
arise. Any balancing difficulties which have up to now been | 
experienced with conventional alternator rotors have always 
been associated with the winding and the slot insulation, the end 
packing arrangements, the end-bells, and (where thermal | 
unbalance effects have been experienced) the methods of 
removing heat from the insulated winding conductors. Since | 
the projected asynchronous alternators would have none of 
these components, all the main causes of unbalance, after initial 
balancing has been done, should be eliminated. 

Dr. B. C. Robinson: In Fig. 2 the magnetization curve is given | 
for an induction generator. At first this appears impossible as 
there is no excitation on the machine windings to produce any 
e.m.f. If, however, the machine has sufficient residual mag: 
netism it will generate a small voltage, which will build up until 
the appropriate operating point A, or A, is reached. Could the 
author indicate whether he considers this to be a practical method | 
of running up an asynchronous generator, or is the residual mag-- 
netism insufficient? It would appear that the best method of 
bringing an asynchronous generator into service would be to run 
it up simultaneously with a synchronous machine and then to 
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synchronize the combined unit on to the busbars. Perhaps 
the author could indicate the voltage and frequency charac- 
teristics of an asynchronous machine when isolated from 


a synchronous network, or is this an impossible mode of 


operation ? 


It would appear that this form of operation could be better 
described as capacitance-excitation rather than self-excitation. 


[The author’s reply to the above discussion will be found 
overleaf.] 


NORTH-WESTERN SUPPLY GROUP, AT MANCHESTER, 8TH APRIL, 1958 


Mr. C. Ayers: In Sections 5.2.2 and 5.2.7, the author puts 
forward an appreciation of the design and financial facets of the 
application of asynchronous machines coupled with synchro- 
“nous generators to form one compound generating unit. 

If we consider the problem from a slightly different standpoint 
we find that the cross-compound unit is at a serious disadvantage. 
This is evident from Figs. B and C. 
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Fig. B 


Basis: constant power sent out; system power factor, 0-8 lagging; asynchronous- 
| generator power factor, 0-8 leading. 
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Basis: constant power sent out; power ratio synchronous/total, 0-5; asynchronous- 
jgenerator power factor, 0-8 leading. 


Fig. B attempts to show the ratio between the kVA ratings 
© a compound (asynchronous-synchronous) unit and a conven- 
tional machine having the same power output, for various frac- 
tions of power from the synchronous portion of the set. 

Fig. C shows the effect of variation in the system or sent-out 
Pewer factor for a power ratio (synchronous/total) of 0-5, on 
ihe ratio of the kVA ratings. 


The constant factors used in this analysis are an asynchronous- 
generator power factor of 0-8 leading and in the case of Fig. B 
a system power factor of 0-8 lagging. 

It is evident from the diagrams that for all power ratios the 
compound set is at a disadvantage when compared with a straight 
machine. It is also at a disadvantage at all system power 
factors except where the power factors of the asynchronous 
machine, synchronous machine and the system are all equal and 
in the leading region. 

For economic design, therefore, it appears that the compound 
set must be allied to the system power factor in a fairly rigid 
manner, and even if this is done the installed capacity of the set 
is higher than that of a conventional machine. If this is true, 
there does not appear to be a case for the installation of a com- 
pound set, even when systems demand a leading power factor. 

Mr. W. W. Holburn: It is surprising to find that the author 
does not fear the possibility of overheating or damage occurring 
to the rotor due to asynchronous operation. His conclusion, 
which may be valid in the case of solid rotors machined from 
single forgings which are not provided with additional damper 
windings, should not be regarded as generally applicable. 
Reports have been received describing damage of a similar nature 
to that which can result from unbalanced loading, when the 
circumstances have indicated that the cause has been loss of 
excitation and/or loss of synchronism. The evidence was most 
marked in the case of an old 4-pole generator which had a 
composite rotor made from three separate forgings and was 
fitted with a copper damper winding. This machine pulled out 
of step and ran with heavily fluctuating load for about 15 
minutes. The rotor was examined immediately after the dis- 
turbance, and it was necessary to replace some wedges which 
were badly damaged. There were also signs of overheating at 
the joints between adjacent rotor body sections, clearly indi- 
cating that the damper winding had been overloaded. 

It is the practice of several manufacturers to provide a damper 
winding forming a squirrel cage near the surface of the rotor. 
It is claimed that the virtue of the winding is to provide an 
unbroken path for the circulating currents which flow during 
conditions of unbalanced load, and which otherwise might cause 
local heating at points of high resistance, e.g. between slot 
grooves and wedges at each end of the rotor body. If this 
function is recognized there is a strong case for increasing the 
efficiency of the damper winding as specific ratings are increased, 
and the dangers of overloading the winding, either by exceeding 
accepted negative sequence current limits or by asynchronous 
operation, should not be neglected. 

Dr. K. C. Mukherji: Assuming that the rotor of the 2500kW 
turbo-generator did not carry any damper winding, a curve 
corresponding to curve B in Fig. 3, which applies to a perfectly 
solid rotor, would lie between the two curves of Fig. 5. It 
would appear, therefore, that the author’s estimate of the slip- 
frequency losses in the solid rotor of an asynchronous generator, 
based on tests on a normal turbo-type rotor, may have been 
rather optimistic. 

The resemblance between the calculated curves and test 
results in Fig. 11 is striking indeed, considering the author’s 
simplification of the problem, for it is difficult to follow how the 
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vector OA in Fig. 10, said to represent the rotor-winding leakage 
flux, can be fixed in magnitude and direction by the air-gap 
ampere-turns alone, and not by the total rotor ampere-turns 
acting under actual load conditions. 

I should like to know more about the conditions of the 
measurements on which Fig. 15 is based, for although this 
diagram serves to give us an overall picture, it is useful to know 
what in fact the flux variations were due to. As the stator slot- 
pitch was increased, presumably the stator slot-width was 
increased as well. Did the measurements include any variations 
due to flux tufting? 

In this connection it is of interest to note that Rudenberg* 
suggests that the air-gap should not be less than 40% of the 
stator slot-pitch if excessive stray harmonic losses are to be 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSIONS 


Mr. P. Richardson (in reply): The operation of generators on 
loss of excitation has been clarified, and it will be observed from 
Fig. A that the percentage slip on loss of excitation at full load 
becomes less as the rating of the generator is increased. The 
rotor body end conditions, which are akin to the end ring of a 
squirrel cage, remain substantially constant, while the length of 
the rotor increases with output much faster than the diameter; 
the true explanation is probably associated with this relation- 
ship. I consider that most of the damping on a turbo-type 
rotor is associated with the solid rotor construction; the incor- 
poration of heavy damping windings would entail removal of 
active copper from the rotor slot, and the consequent increase 
in frame size would not justify the additional damping effect. 
It would appear evident that problems of heating are associated 
with the stator core end and not with the rotor, and from the 
description of the type of damage experienced, the specific case of 
rotor heating would seem to have been associated with a negative- 
sequence fault. The calculated pull-out torque for the 60 MW 
generator mentioned in the paper is just over twice the rated 
full-load torque, and I agree that where the system falls below 
normal the pull-out torque of an asynchronous generator falls 
rapidly. 

While I agree that the temperature-rise figures in Fig. 11 are 
moderate owing to the relatively low ampere-turn rating, I would 
not necessarily expect to provide end-field dampers with more 
highly rated machines, as the gas pressure may be increased, 
thus leading to improved cooling. Thermocouples were posi- 
tioned in the end plate and in the core end sections, and the 
maximum temperature rises shown in Fig. 11 were recorded on 
the end sections of the stator core. This test was interrupted 
midway, and the opportunity was taken to replace the non- 
magnetic rotor end bells with a set made of magnetic material, 
this being done without in any way disturbing the thermo- 
couples in the stator core end. The curve shown in Fig. 11 was 
repeated in shape but at a temperature rise just over twice that 
shown. This confirms that the general theory of core end 
heating applies equally well to the two different types of rotor 
end bells. While one would at first sight expect the core end 
heating to vary as the square of the specific loading, I would 
point out that the stator heating depends upon the sum of two 
vectors, one of which is substantially constant depending upon 
the air-gap flux and the other varying directly with the stator 
loading. With a high short-circuit ratio, for example, the core 
end heating will vary less with the specific loading than with a 
machine having a low short-circuit ratio. I appreciate that the 
final temperature rise of the stator core end must be a combina- 


* RUDENBERG, R.: ‘Zusatchliche Verluste in Synchronmaschinen und ihre Messung’ 
Elektrotechnische Zeitschrift, 1924, 45, p. 37. 


avoided. We could check Rudenberg’s rule if we knew the 
stator bore diameter. 

If we have a steadily tapered, stiff shaft, would not the core }) 
end-iron heating correspond to asynchronous operation with a 
magnetic end-bell rather than with a non-magnetic end-bell as 
shown in Fig. 11? 

Mr. J. Tozer: In Section 5.2.7 the author claims that savings) 
may accrue from the reduced cost of switchgear, bearing in mind) 
the characteristics of the asynchronous generator which reduce} 
the breaking capacity. It should be pointed out that the genera-} 
tor circuit-breaker would no doubt be part of a group of switch-) 
gear on common busbars which would require a certain breaking’ 
capacity to meet the demand of the system, so that the saving) 
claimed could not, in fact, be effected. 


tion of heating resulting from the end leakage field and that 
which is associated with the normal machine iron and copper! 
losses, and therefore represents only a first approximation but | 
one which gives a reasonable indication of the effects of changes | 
in design. I would expect the use of a non-magnetic end plate 

to increase the length of the flux path in the end windings and 

on this account to reduce the level of heating. On the other 

hand, the maximum fiux densities are associated with the stator 
core end in the vicinity of the conductors and no material 
difference is likely. Stator-core end heating is not noticeable 
in multi-polar generators as the ampere-turn rating per pole 
becomes appreciably less than in 2-pole generators. The stator- 
core end-flux conditions during pole slipping will be severe 
owing to the large stator current when the generator is 180° out; 
of phase. 

The curves shown in Fig. 15 are expressed in terms of per-. 
centage loss and thus enable a comparison to be made between 
different arrangements of stator slots. The dummy rotor con- 
sisted of a heavy steel plate bent to conform with the stator bore. 
The information from these tests and from the temperature 
rise of rotors in commission has confirmed that the factors 
concerned are of importance. Losses due to flux tufting can 
be severe, and while rotor slots can be closed with magnetic 
wedges, care must be exercised in the design of the stator 
slot. 

The assessment of cost and efficiency was included to illustrate 
the associated factors, and in selecting the variables for the com-. 
parison no account was taken, for example, of short-circuit ratio. 
Under normal circumstances a synchronous unit required to’ 
operate at leading power factor would be associated with a 
short-circuit ratio of 0-9 or unity for stability reasons, but with 
the asynchronous-synchronous combination it should be possible 
to reduce the short-circuit ratio of the synchronous unit to a 
nominal figure of, say, 0-55 and thus offset at least part of the 
apparent disadvantage of the combination. On the other hand, 
present-day developments associated with automatic voltage 
regulators may well justify the selection of a lower short-circuit 
ratio for the equivalent synchronous unit. : 

The stability problems associated with asynchronous genera- 
tors are perhaps worthy of further study. A number of hydro- 
electric installations of asynchronous plant, although, of course, 
of relatively small output, appear to operate satisfactorily. With 
regard to transient stability, the tie between synchronous and 
asynchronous plant is fairly solid under normal conditions. 
The latter is able to contribute effectively to the inertia of the 
system, and while the damping power which can be provided is 
normally neglected in a system study, it is recognized as one of 
the factors which assist in improving stability. 
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SUMMARY 


The paper describes the results obtained from transient stability 
tests carried out on a section of the British 132kV Grid system during 
the summer of 1956. A 45 MW (56 MVA) generator was connected to 
the main system through a 150-mile line and faults of various types 
were applied with the generator on full load. The main purpose of 
the tests was to check how closely network-analyser results agreed with 
the actual performance. It was found that the agreement was, in 
general, very good, and some important information was obtained 
about the characteristics. of cylindrical-rotor machines which should 
ibe of assistance in future analyser studies. 

It was also found that flux decay, even with voltage regulators, is a 
factor which alone could result in discrepancies between network- 
analyser studies and actual performance, but that this is largely com- 
easated, when it is neglected, by the improving effects of damping, 
additional losses during faults and governor action. 

Stability was maintained with full load on the machine when the 
reactance of 150 miles of line was suddenly inserted between it and the 
system, provided that the excitation was sufficient for steady-state 
operation with the line. Reactive power consumed by the machine 
lat the steady-state stability limit was about 15% higher than calculated 
walues, owing to saturation effects. During asynchronous operation 
with open field up to 30 MW the slip remained very low. 


LIST OF PRINCIPAL SYMBOLS 


V, = Voltage behind synchronous reactance. 
V, = Voltage behind transient reactance. 
AV, = Decay of voltage behind transient reactance during 


fault. 
V, = Voltage behind Potier reactance. 
hn Currents 


I, = Rated current. 
LG-fault = Fault between line and earth. 
LL-fault = Fault between two lines. 
| LLL-fault = Fault between three lines. 
P, = Electric power output of the alternator. 
P., = Mechanical power input of the alternator. 
R, = Total transformer resistance per phase. 

s = Slip, i.e. difference between rotor speed and syn- 
chronous speed, as a percentage of the syn- 
chronous speed. 

s, = Equivalent slip for rated damping 
(apparent-power rating). 

t = Time from beginning of fault or disturbance. 

tmax = Maximum fault clearing time. 
Tz = Damping constant, i. percentage of damping 
torque per percentage of slip. 

ty = Time-constant of attenuation of electro-mechanical 
oscillations. 

Vand V, = Voltages at generator and system end of line, 
respectively. 
V, = Rated voltage. 


torque 


_ r, Busemann is with the British Electrical and Allied Industries Research Associa- 
‘ic. Mr. Casson is with the Central Electricity Generating Board. 


X&Xq = Quadrature-axis synchronous reactance. 
ys = Phase displacement of stator current with respect 
to voltage corresponding to rotor axis. 
X, = Transformer reactance. 
Z, = Line impedance. 
6; = Angle between V, and V;. 
6, = Angle between V, and V>. 
53 = Angle between V, and Vj. 
¢, = Angle between V, and J. 


(1) INTRODUCTION 

The stability of an electrical power system may be defined as 
the ability of the alternators in that system to work in step with 
one another under slow changes (steady state) or rapid changes 
(transient state) in the operating conditions. 

It is the aim of system designers, and particularly those con- 
cerned with the design of large national Grid systems or systems 
employing long-distance power lines, to ensure that their 
systems will be stable under normal conditions of operation and 
under fault conditions and that this will be procured at the 
lowest cost. 

If there are limitations in the use of a system on account of 
stability which do not allow full flexibility in operation with a 
minimum of spare capacity and can result in loss of supply 
when emergencies occur, it would seem to be worth while 
investigating what improvements can be made. This may not 
be achieved by suitably modifying one particular piece of equip- 
ment and may involve the provision of better voltage regulators 
and damper windings for the alternators and better governors 
for the prime movers. It may also involve the reduction of 
reactance in the system by employing auto-transformers, over- 
head lines with bundle conductors and series capacitors. 

The requirements of the load for reactive power and voltage 
regulation have usually to be considered in conjunction with 
measures adopted for improving stability and may require the 
use of synchronous condensers which can be designed both to 
generate and consume reactive power. 

Alternators have to be designed to generate reactive power as 
well as active power, but to improve stability it may be necessary 
to provide a larger air-gap, which would require more mag- 
netizing ampere-turns on the rotor. However, with the winding 
already squeezed into the available space, this may only be 
achieved at the expense of increased rotor losses and cooling. 

The only satisfactory way of determining the stability of a 
system and those measures which can be adopted to make an 
improvement in this respect is to carry out studies on a network 
analyser. The types of network analyser generally used are 
single-phase analogues which are set according to design data 
obtained in respect of the alternators and other plant. Deter- 
mination of the stability limit by these analysers is a laborious 
step-by-step process. This can be avoided to some extent by the 
use of micro-réseaux (miniature networks), but they cannot 
be set perfectly to simulate the performance of large units. 

In view of the increased use of network analysers for solving 
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stability problems on complex transmission systems, Panel 
V/Da of the E.R.A., dealing with system constants, felt that, 
although full-scale system tests have been carried out pre- 
viously!~> which have produced valuable information on various 
aspects of the behaviour of a system under abnormal conditions, 
none have been staged primarily for determining how accurately 
network-analyser studies represent actual system conditions. 
It was decided, therefore, to see if tests specifically for this 
purpose could be carried out on the British Grid system. It was 
first necessary to seek the co-operation of the C.E.A. in pro- 
viding a section of the Grid system in which an isolated generator 
or generators could be connected to the main Grid system 
through a high-impedance link so that instability could be 
produced under steady-state and transient fault conditions 
without causing any great disturbance. It was found that the 
desired conditions could be obtained at Cliff Quay (Ipswich) 
generating station, where there is an installation of 645 MW 
(56MVA) turbo-generators connected to a 132kV busbar, to 
which are also connected six lines and two local supply trans- 
formers. It was possible to arrange for one of the generators 
and one end of a line circuit 150 miles in length to be connected 
to one busbar (called the ‘test bar’) and for the other end of the 
line to be connected to another busbar (called the ‘system 
bar’), together with the remaining generators, lines and local 
transformers. 

The Chief Engineer of the C.E.A. gave permission for full- 
scale stability tests, including transitory faults, to be carried out 


from 4th to 7th August, 1956. Prior to the tests, studies were - 


carried out on two types of network analyser in Britain and on 
the micro-réseau analyser in Paris, assuming circuit and load 
conditions which were to be expected when the system tests were 
carried out. 


(2) DETERMINATION OF STABILITY AND SYSTEM 
PERFORMANCE 
(2.1) Vector Diagrams of a Cylindrical-Rotor Synchronous 
Machine connected to the System through a Long Line 


Fig. 1(a) shows a simple diagram of a generator supplying a 
load through an impedance which represents the test conditions 
applicable at Cliff Quay generating station, where the coupling 
between the two busbars was a 150-mile line. 

Fig. 1(6) shows the conditions when the stability limit is nearly 
reached with a lagging load on the generator and illustrates the 
limitations of transmitting power through a long line. OV, is 
the h.v. terminal voltage at the machine, i.e. the test busbar, and 
OV, is the voltage at the system busbar. The voltage drop in 
the line impedance is V,V>, and the current J lags the voltage V, 
by the angle ¢,. J(R; + R,) is the voltage drop in the armature 
and transformer resistance in phase with the current J, and 
I(Xz + X;) is the voltage drop in the synchronous and trans- 
former reactance in quadrature with J. OV, is the voltage behind 
the synchronous reactance and 6, is the power angle between the 
rotor and voltage V,, which is approaching 90°. In quadrature 
with the voltage OV, is the rotor current J,,,. The vector 
difference between the rotor and the stator current provides 
m.m.f. to drive the magnetic flux through the machine corre- 
sponding to the voltage OV, behind the Potier reactance and 
transformer reactance (X, + X;). 

Fig. 1(c) is the vector diagram for the same machine when the 
stability limit is nearly reached with a leading load on the 
generator and for the same voltage V, as in Fig. 1(b), and it 
illustrates the reduction in transmission of power due to weak 
excitation of the generator. It is observed that the power angle 
5, is approaching 90° and the voltages behind the Potier and 
synchronous reactances are much smaller than in the previous 
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Fig. 1.—System and vector diagrams. 

(a) System considered. 

(6) Vector diagram of conditions reached in the system shown in (a) at about the 
stability limit, with lagging current on the generator, i.e. 52 approaching 90°. 

(c) Vector ‘diagram of conditions reached in the system shown in (a) at about the 
stability limit with leading current on the generator, i.e. 52 approaching 90°. 

(d) Vector diagram of the set-up on an a.c. network analyser for the system con: 
sidered in (a) and load conditions of (6) for transient stability studies. 


case. The voltage V, is very much reduced and the power 
generated is less than one-half that in the previous example. 


(2.2) Steady-State Stability Limit 


A system is in stable equilibrium if the forces caused by ¢) 
change in the position act in the direction against this change 
so as to restore the original position. In the case of a om 
chronous generator, stability is maintained if, with an increase 
in the power angle, an incremental torque occurs which woulc¢ 
pull back the rotor so as to decrease the power angle. 

The steady-state stability limit is reached when the torque 
increment of the synchronous generator working with constan’ 
excitation for a given power-angle increment is zero. Unstable 
conditions would occur if the torque increment were negative. 

The steady-state stability limit of a cylindrical-rotor syn 
chronous machine with negligible resistance in the stator circui 
and without voltage regulator is reached when the power ang 
ie. 55 in Figs. 1(6) and (0), reaches 90°. 

The term short-circuit ratio (s.c.r.) is the ratio of the excitatior 
for rated open-circuit voltage at rated frequency to the excitatior 
for 3-phase short-circuit current at rated frequency. Th 
unsaturated direct-axis synchronous reactance (in per-uni 
values) is the reciprocal of its short-circuit ratio multiplied by 
the ratio of the straight-line value to the actual (saturated) open 
circuit voltage for the same excitation. 


; 
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For improved steady-state stability conditions it is desirable 
to design the machine for a relatively high short-circuit ratio 
_ (low synchronous reactance), e.g. by larger air-gap, to operate it 
with as small a leading reactive power as possible, and to use a 
tap on the generator transformer so as to have relatively high 
generator terminal voltage (high l.v. tap or low h.v. tap). This 
can be appreciated by inspection of the vector diagrams [Figs. 
1(6) and 1(c)]. 

Saturation does not affect the stability limit of 90° for 
cylindrical-rotor machines (without voltage regulator), but it 
results in increased leading reactive powers at which this limit 
is reached. 

Stability conditions can be effectively improved by the use of 
voltage regulators (‘dynamic stability’ if small changes of load 
and power are considered) as compared with the operation at 
constant excitation. 


(2.3) Transient-Stability Limit 


Transient stability is maintained if, after disturbances causing 
a large change of the power angle, a new equilibrium is estab- 
lished without loss of synchronism, i.e. without pole slipping. 
Fig. 2 shows a power/power-angle diagram in which A may be 


Pp Pe TRANSIENT 
ee 


Yy 


3 PHASE, 


Ci 
Fig. 2.—Power/power-angle diagram. 


the working point before the disturbance where the mechanical 
input P,,, equals the electrical output P,. During a close-up 
h.v. 3-phase fault the electrical output drops to a value equal to 
the transformer and machine losses, so that the rotor is accelerated 
_ and the power angle increased and the working point changes 
_ during the fault along the line BC. After the fault is cleared, 
the electrical output is raised from C to E, but, owing to the 
energy sent into the rotor during the fault (which is proportional 
to the area ABCD), the rotor overspeeds, i.e. it slips, and the 
power angle continues to increase until F is reached, when the 
_ slip has been reduced to zero. Afterwards the electrical output 
- still exceeds the mechanical input and the machine swings back 
around a point in the diagram where P,, equals P,. For a 
machine working on an infinite busbar system, transient stability 
can be determined by the ‘equal area’ theorem, ABCD = DEFG, 
assuming constant flux linkages; transient stability would not be 
maintained if the area passed during the fault, ABCD, had 
been greater than DEK. If the power angle still increased beyond 
the point K, the rotor would be accelerated again and pole 
slipping would occur. 

The electrical output P,, available during transient conditions, 
differs from that in the steady state (Fig. 2), because, during 
transients, the magnetic flux cannot change as rapidly as the 
power angle. In transient studies it is therefore usual to assume 
that the voltage behind the transient reactance Xj remains 
-onstant, and the power angle used in transient studies [see 
Sig. 1(d)] is referred to this voltage, which is thus smaller than 
“he actual power angle with respect to the rotor axis, i.e. the 
voltage behind the synchronous reactance. 

Transient-stability conditions in respect of the first swing are 
mproved with a higher inertia constant in the alternators (1.e. 
maller variation of power angle for given conditions), shorter 
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fault clearing times (i.e. reduction of the first area) and measures 
ensuring the increase of the area available after the fault such as 
lower reactances (i.e. lower transient reactance in the alternators 
and lower external reactance), the provision of more damping 
in the alternators (i.e. resultant asynchronous torque provides a 
higher electrical output when the angle 6, increases than when 
it decreases), improved voltage regulator action (i.e. maintaining 
high electrical output) and improved governor action (i.e. 
reduced mechanical input will improve performance). 


(2.4) Network-Analyser Studies 


Network-analyser studies of transient stability usually involve 
more than two points of generation which make it difficult to 
apply the equal-area theorem. Transient-stability conditions 
are therefore considered by means of ‘swing curves’, i.e. power 
angle/time curves obtained from electrical output readings for 
every generator taken step-by-step for short time intervals after 
each of which the phase angle of the e.m.f.’s of the generators 
are adjusted to a new position according to the difference 
between mechanical and electrical power, for known inertia 
constant and slip. Stability is maintained if the power angle 
reaches a maximum without pole slipping of any generator. 
Machine data used in transient stability studies are as follows: 


(a) Transient Reactance. 
This is calculated from a short-circuit test oscillogram. 
(b) Inertia Constant. 


The factors usually neglected include 


(i) Flux decay during the fault. This occurs owing to the high 
inductive component of the fault current. 
Gi) Voltage-regulator action. 
(iii) Governor action. 
(iv) Damping. 
(v) Losses [other than J2(R; + R,) losses in stator and trans- 
former]. 


(2.5) Micro-Réseau Studies 


For the study of transient-stability conditions, the micro- 
réseau, developed in France,° has the advantage that results are 
obtained immediately by inspection (i.e. whether the system is 
stable or unstable) or on oscillograms without the laborious 
step-by-step procedure which is necessary with the conventional 
types of network analyser. Also some of the usually neglected 
factors can be introduced more readily, such as the action of 
voltage regulators or governors and to some extent the effect 
of damping. 

However, a disadvantage of the micro-réseau is that it is not 
possible to represent accurately the losses in the machine 
simulated. This is because the miniature machines are only of 
the order of 1 kW in size, and since the relative losses of machines 
increase with about the fourth power of the decrease in size, it 
is seen that the losses of a 1 kW machine would be relatively out 
of proportion to those of a larger machine. This can be com- 
pensated to some extent by auxiliary machines or devices 
connected in series with the stator and rotor circuit, producing 
negative-resistive voltage drop proportional to the stator and 
rotor current. 


(3) SCOPE OF THE TESTS 


The main purpose of the tests was to obtain information on 
the transient performance of synchronous machines on system 
fault conditions of varying complexity and to assess the mag- 
nitude of the errors introduced individually by the simplifying 
assumptions made in routine network-analyser studies. Some 
of these assumptions worsen the conditions, e.g. flux decay, and 
others improve them, e.g. action of voltage regulators, governors, 
damping and additional losses during the fault. It was also 
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Table 1 
MEASUREMENTS 
Item Symbol 
Steam pressure Pst 
Exciter field voltage Vee 
Exciter field current ee 
Generator, rotor voltage Vrot 
Generator rotor current Trot 
Generator power angle .. 
Generator, 11-:8kV voltage Vitev 
Generator, stator current Thikv 
Generator, power ve Piikv 
Generator, reactive power OQiikv 
Fault current : if 
Fault current, zero sequence (3lo)¢ 
Voltage across  fault-clearing _ 
breaker 
Trip-coil current Hess 
Voltage on 132kV test bar Viest 
Current on line test bar to C Pee 
Current, zero sequence . (Blo)rest 
Voltage difference test- -system AV 
busbars 
Voltage on 132kV system bar .. | Vsys¢ 
Current on line C to system bar syst 
Power on this line : syst 
Voltage, unit transformer 3kV_ V3kv 
Current, unit transformer 3 kV Ibxv 


Q 


D 
dD 
dD 
dD 
dD 
dD RAC 
aqdDM 
dqdDM 
d 
a}D 

D 

D 

C 

D 

DM 

DM 

D 

DM 
dqdDM 

D 

D 
d M 
d M 


d = Direct-reading instrument. 
D = Duddell oscillograph. 
M = Masson oscillograph. 
ly 
(e 


= Pen recorder. 


= Cathode-ray oscillograph. 


i) 


13 MILES 
$3 
All 
$2 


CLIFF QUAY 


TEST 
GENERATOR 


Y 
CH is 
fe 


O 
; (™) 
© 


{1 MILES 


64 MILES 


TEST BUSBAR 


Ss! 


75 MILES 
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desired to assess the error introduced by uncertainties or / 


tolerances in the data used. 


The secondary purpose of the tests was to obtain information - 


about the steady-state performance of synchronous machines 


with weakened fields, the sudden insertion of impedance in the | 


system and the performance of alternators when operated 
asynchronously. 


(4) TEST ARRANGEMENTS AND PROGRAMME 
The test arrangement is shown in Fig. 3. One of the 45 MW 


generators (called the ‘test generator’) was connected to a | 
section of 132kV busbar AI, which could be connected to the | 


‘system busbar’ AII, either directly by closing the switch S1, 


or through the double-circuit line to substation C and back by | 
closing the switches S4 and S5, or to a section of busbar AIII | 
and from there to substation DI (13 mile line) by closing the | 


switches S2 and $3. Three generators were connected to the 


‘system busbar’, together with three lines connected to the main / 


Grid system. 
The fault-throwing connections were made on the line to DI 


substation, which was open at the substation end. One test | 
was carried out with the fault at the DI substation end of the © 
line and the remainder at the Cliff Quay end. In each case the | 


fault was applied by closing switch S3 and removed by tripping 
switch S82. 

Table 1 shows the quantities measured by direct-reading or 
recording instruments, according to the positions (a) to (k) 
indicated in Fig. 3. 

In addition to the measurements of direct interest for the 
investigation of stability, the restriking voltage at the circuit- 
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Fig. 3.—Test arrangement of the system. 
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breaker clearing the fault was recorded by a cathode- -ray oscillo- 
graph, but the results are not given in the paper. The tests also 
afforded a manufacturer an opportunity of investigating the 
performance of special relays designed to prevent the tripping 
of circuit-breakers near the phase opposition of voltages under 
‘conditions of instability. 

Instruments for direct reading of power angle were provided 

‘and tried out by the C.E.A. Research Laboratories, London 
‘Generating Division,’ the North of Scotland Hydro- Electric 
‘Board and the Imperial College of Science and Technology. 
‘A further offer of direct-reading-type instruments from a manu- 
‘facturer had to be declined because of lack of time for preparing 
attachments to the shaft end of the turbo-alternator. 

Instruments for direct reading, numerous facilities for measure- 
‘ments on the secondary windings of existing instrument trans- 
‘formers, Masson recorders, and communication facilities were 
provided by the Eastern Division of the C.E.A., in whose hands 
ywere also the control of the tests and co-ordination of the 
/programme. 

In all tests except one, the exciter for the test generator (all 
ithe generators at Cliff Quay have separately driven exciters) 
yand certain other auxiliaries were driven from the unit trans- 
ie Turbine and boiler main auxiliaries were fed from the 
station supply. 

The mechanical input of the ‘test generator’ was covered by 
“recording the steam pressure of the turbine. The governor 
‘movement itself was not recorded by an oscillograph but was 
itelevised to the station control room. Some film records were 
wmade, but they are not included in the paper. 

Besides measurement of power angle between the rotor test 
enerator and various voltages, such as the generator 11-:8kV 
erminal voltage, or the voltage at the 132kV test or system 
‘busbar, recordings were made of the angle between the rotor of 
vanother generator and the system busbar voltage, and of the 
langle between the ‘system busbar’ at Cliff Quay and the voltage 
iat a distant Grid point, Leatherhead, some 30 miles south of 
‘London. The latter recordings were made by the C.E.A. 
‘Research Laboratories. 


Table 2 


PROGRAMME OF TRANSIENT TESTS 


| Fault 
|; Test | Load | Voltage Duration Objective 
i No. regulator ; 
j Type |Distance 
} 
| MW miles sec 
P oe] 45 Yes LG 13 0-62 
| FD. 45 Yes LiL, 0 1:28 | Transient per- 
j 1:3 45 ies LA 0 0:96 formance of 
| 1:4 | 45 No LL 0 0:98 generator and 
| Bes 30 Wess s i Wisk 0) 0:68 system on faults 
; 1:6 45 Yes | LLL 0 0:32 
2, 0 No LLL 0 0-94 Additional losses 
during fault 
Transient per- 
3°1 15 No formance with 
3-2 45 No sudden insertion 
3-3 45 Yes of 150 miles of 
132 kV line 


The programme for the transient tests is shown in Table 2. 
(Te main tests are the six transient fault tests, Nos. 1.1-1.6, with 
different types of fault, beginning with a single line-to- earth 
"a It 13 miles away of 0-62sec duration at full load and ending 
iw*h a close-up 3-phase fault of 0-32sec duration also at full 
«ed. One of the transient tests was made without the voltage 


regulator and the others with it. 
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Pole slipping occurred in two 


tests (Nos. 1.2 and 1.5). In test No. 2 a 3-phase 132kV fault 
on the generator isolated from the system was added to the 
original programme in order to separate the effects of additional 


losses during the faults. 


Tests Nos. 3.1-3.3 were made to obtain information on the 
transient performance with sudden insertion of 150 miles of 
132kV line between the test generator and system at different 
loads, with and without the voltage regulator. 

The preparations for the tests included, not only the detailed 
planning of the programme and instrumentation, but also the 
studies on the network analyser mentioned in the Introduction. 

The basic data of the test generator, its transformer and the 


lines are given in Table 3. 


Table 3 
Basic DATA 


Generator rating .. 


Synchronous reactance,* Xq 
Transient reactance,* X4 
Sub-transient reactance,* Xj’ 


Negative-sequence reactance,* X 

Zero-sequence reactance,* Xo .. 

Potier reactance, Xp 33 

Positive-sequence armature resis- 
tance, Ry 

Negative-sequence armature re- 
sistance, + Ro 

Direct-axis transient open-circuit 
time-constant,t To 

Saturation characteristic 

Short-circuit ratio* 

Inertia constant,* H 

Field current at rated load* 

Performance chart 

Exciter type 

Rated voltage 

Maximum voltage 

Voltage regulator 

Transformer rating 

Transformer ratio 


Transformer reactance, based on 
constant h.v. current corre- 
sponding to 54MVA at 134 
kV-tap* 

On tap s 

Transformer d.c. resistance on 

PEN Coals kes e a, 
Lv.* 


132kV Grid lines: 
Positive sequence impedance. . 
Zero-sequence impedance 


Zero-sequence impedance line 
AI-C-AIl (Fig. 3) 
Charging current 
* Derived by test. 


56:3 MVA; 45 MW; power factor 
= 0:8; 11-8kV, z = 3000, with 
standard form of damper wind- 


ing 

192% on 56-3MVA base (4:73 
ohm) 

(a) 17:4% at 100% voltage 

(b) 19:2% at 50% voltage 

(a) 12% at 100% voltage 

(6) 13-:9% at 50% voltage 

16% 

6:°83% 

17°47 at oe voltage 

0:24% at 20°C 

0-297, at 15°C 

SO 7A 


9-9sec at 100% voltage 
10-1sec at 50% voltage 
ie. 12 


0-6 

5-85 kWs/kVA 

324amp 

Fig. 16 

Motor driven 

315 volts 

440 volts 

Normally inactive, type V5.4 

54MVA 

11-8kV delta/i34kV + 10% star 
in +7 steps 

14-76, 13- 3), 12-98, 11:9, 9:95 % 


147-4, 143-5, 139-7, 134, 120-6kV 


0-908, 0-835, 0-78 ohm per phase 
0:01368 ohm between two ter- 
minals of the delta 


0-24 + j0-66 ohm/mile 
0-55 +j1-64 ohm/mile single cir- 


cuit 
0:85 + 72:45 ohm/mile per cir- 
cuit on double-circuit lines, 
when both circuits operate 
0:24 + j0-83 ohm/circuit-mile 


0-36 amp/mile 


+ Derived from a single-phase test at approximately 50% current. 


t Calculated from test data. 


(5) RESULTS OF TRANSIENT TESTS 
(5.1) Records of Fault-Throwing Transient Tests on the System 


(5.1.1) Summary of Results. 


Readings of system conditions taken before each test are given 


in Table 4. 
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Table 4 
‘ LT TESTS 
LoAD CONDITIONS AT CLIFF Quay ‘TEST’ AND ‘SYSTEM’ BUSBARS AND ADJOINING SYSTEM BEFORE THE TRANSIENT FAU 


Test number 
Observations | 14 15 16 2 
ae) (i) ip (LL) (LLL) (LLL) (LLL) 
iene 256 260 266 262 214 _—* ii 
Vor, Volts Di2 i e213 221 221 178 217 a, 
Ice, amp 4-1 4-2 4-2 4-2 3:5 4-2 rae 
Vee, volts ae es 17:4 Ae 18-3 17:8 14-4 | 17°9 1 
) a0 4 — = | = es | ee 
os og a = 7 Ba 7 133 2 3 5 = 
week 133 132-2 135 : 2 = 
we Kv 145-8 | 146 149 | 148-5 145 147-5 134 
Pigs MW 45-4 45-3 45-6 45-4 | 3052 45-4 | — 
Thikv, amp 2130 2 130 2110 | 2090 1460 2120 — 
Viarrnkv e 12:38 12:42 12-62 12:6 12:3 ee 12-0 
Oiknv, MVAr 7:92 9-66 9-65 | 9-48 Yor 9-72 — 
P34y, MW... 0-25 0-248 0-258 si 0-256 0-234 0-254 — 
QO3xv, MVAr : es 0-321 0-33 0-358 0-354 0-319 0-344 —- 
apy, A 50 asi oF 64 80 83-2 80:8 TZ 80 —— 
V3z~yv, kV a es aoe 3:16 3-18 S22 Bic ap) 3-14 3-19 Bye! 
Transformer tapping 11-8/143-5 11-8/143-5 11:8/143-5 | 11-8/143-5 11-8/143-5 11-8/143-5 11-8/134 
Generators 3, 4 and 6: 
MW Gen. 3 27°6 22:4 27°53 Dfcap 32-0 | 27-4 — . 
Gen. 4 28-6 Fy 28 28-4 Silos) 27-0 — 
Gen. 6 27°8 — 28 28-2 eile) | PIAL) — 
MVAr Gen. 3 13-1 14-6 225 23 26:0 26:3 _ 
Gen. 4 12592 Lgfop2 20:3 20-8 28-0 23-6 — 
Gen. 6 14-9 i 20-8 20-8 235 24:3 — 
| 
Lines: 
Local load . be A 26 74 Wi 75 91 90 — 
Cliff Quay—L a A 270 190 218 220 153 146 — 
Cliff Quay—DI and A 197 132 248 252 340 322 — 
Cliff Quay—G and F A 63 32 82 80 122 122 — 


* During Test No. 1.5 the instrument was damaged. 


The full results of the tests are given in Reference 8 and are 
summarized in Table 5. The first section of the Table, rows 
1-6, describes the fault type and duration, the generator test 
conditions (load and whether the voltage regulator was working). 
The second section of the Table, rows 7-9, gives the maximum 
fault-clearance time determined by the network analysers. The 
third section, row 10, states whether the performance was stable 
or not. The fourth section, rows 11-16, gives the main readings 
taken before the test with respect to the test generator, and the 
fifth section, rows 17-19, gives the number of generators working 
in parallel on the ‘system busbar’ and other load. 


(5.1.2) Single Phase to Ground Fault (Test 1.1). 


This fault on the line 13 miles away was of 0-62sec duration, 
and the test generator, on full load and with the voltage regulator 
in commission, remained stable as was expected both from 
network-analyser and the micro-réseau studies. 


(5.1.3) Close up Two-Phase Fault (Test 1.2). 


This test was carried out with the generator at full load and 
with the voltage regulator in service, and its duration was 1-28 sec. 
The duration of the fault had been chosen because studies on the 
micro-réseau had suggested that the system would remain just 
stable with a fault time of 1-32sec. On the network analyser it 
was a borderline case, for, with the given data, ¢,,,. was found 
to be equal to infinity, whereas with slightly (5°%) reduced 
generator e.m.f. it was 1-15sec. 

In the full-scale test, instability occurred in a most interesting 
way. Referring to Fig. 4 it is observed that immediately after 


the fault the generator slipped forward two pole pairs, the first | 
full turn ending about 1-9sec and the second about 2:4sec 
after commencement of the fault. The governor of the machine | 
reduced the steam input nearly to zero. When the machine 
tried to pull into step again it slipped one pole pair, this time 
backwards, and reached the state of swinging round the new! 
equilibrium about 4-3 sec after the commencement of the fault. | 
The oscillograph record of the power angle in this case was | 
taken between the rotor and 132kV test bar, so that the pee 
angle between rotor and stator bar was determined by addition 

of the line angle obtained by triangulation from records of the | 
difference between the two 132 kV busbar voltages. This process | 
is naturally inaccurate, and it was decided, therefore, to record | 
directly the power angle between rotor and ‘system busbar’. 


(5.1.4) Close-up Two-Phase Faults (Tests 1.3 and 1.4). 


Both tests were taken on full load; the first with voltage. 
regulator (test No. 1.3) had a duration of 0:96 sec, and the other. 
(test No. 1.4) without voltage regulator was 0-98 sec duration, | 
These tests were made in order to obtain information on the | 
effect of the voltage regulator which will be discussed in Section | 
5.3.3. In both tests the generator remained stable. 


(5.1.5) Close-up Three-Phase Fault (Test 1.5). 


The test was carried out at two-thirds full load with the voltage | 
regulator in commission, and its duration was 0:68sec. The 
time chosen in this test was about halfway between the maximum | 
fault clearing times determined by the network analyser (0-51 sec) 
and by the micro-réseau (0-9sec). It is seen from Fig. 5 that’ 
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Table 5 


TRANSIENT FAULT TESTS ON THE SYSTEM 


1. Test number . Eas as nc eee 1-3! 1.2 163, 1.4 Its) | 1.6 

Dealt... ae ee es a aa LG IL, iLTL, 1G) Boe IDEIL | ELI, 

3. Distance, miles ae ee a Ae 13 0 0) 0 0 | 0 

4. Load, MW .. Bk Aa ae 45-4 45°3 45°6 45-4 30-2 45-4 
HS. Reactive power, MVAr.. ae ae 7-92 9-66 9-65 9-48 1/922 oz 
6. Voltage regulator .. th oe is with with with without with with 
| fe Test = : 0-62 1-28 0:96 0-98 0-68 0:32 

8.< Fault time, sec > Network analyser Imax co 1 — _— 0:51 0:36 
d Micro-reseau. .. : co* 1-32 — — 0-9 | 0-4 
i 10. Test performance .. rN es Ae ‘stable unstable stable stable unstable stable 

11. Tpoz, amp ae Be ae ae fe 256 260 266 262 214 | BS 

feeeotO .. es Se ce a as test busbar system busbar 

18; Fe a Be ae ap 44 46 h 53 53 | 40 54 
| 14. Voyse, kV as ae ote ws oe 133 : 132-2 135 134-7 133-2 133°5 
Bales Vest, KV... Pe Pe i. ae 145-8 146 149 148-5 | 145 eee C9 
P16. Virv,kV .. ye 56 12:38 12-42 12-62 12-6 12:3 12-52) 
| We Number BA 3: 3 D | 3 3 | 3 3 
| 18. >Other generators >MW .. a0 D0 84 45 84 84 95 82 
es 19. MVAr Pad 40 32 64 | 65 78 74 


- ie cet at generating station stability would be maintained with voltage regulator and field forcing; without them, tax would be between 1 sec (stable) and 3 sec 
| Canstable 

+ Borderline case: with given system data tg = © with slightly (5%) less generator e.m.f. trax = 1- 15sec. 

t 11-8/143-SkV tap. 
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Fig. 4.—Records of Test No. 1.2. 


Close-up phase-to-phase fault for 1:28 sec. 
Voltage regulator in commission. 
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the generator was unstable, slipping one pole pair forward and 
then reaching one full turn about 1 sec after commencement of 
the fault. Then the generator pulled in, swinging with rather 
large amplitudes. 


(5.1.6) Close-up Three-Phase Fault (Test 1.6). 


The test was carried out at full load, with voltage regulator in 
commission, and the duration was 0:32sec. This time was 
somewhat below the limit determined by the network analysers 
(0:36sec) and micro-réseau (0-4sec). It is seen from Fig. 6 
that the generator was stable. 


(5.2) Record of Fault-Throwing Transient Test on the Isolated 
Generator 


In order to obtain some information on the losses recorded 
during a fault on an actual machine, and since it was realized 
that these data were of considerable importance in transient- 
stability studies, test No. 2 was added to the original test pro- 
gramme. The fault applied was a 3-phase fault of 0-94sec 
duration without the voltage regulator in service, at rated voltage 
and frequency and at tap 11-8/134kV. 

The results of the tests are shown in Figs. 7 and 8. The losses 
which occurred during the fault were obtained by differentiating 
the power-angle record twice. These losses were in the beginning 
about twice the I7R, losses calculated from the resistance of the 
machine and transformer windings and measured short-circuit 
currents, and towards the end of the test they were still slightly 
higher. 

As this test was added to the programme on site, there was not 
enough time for adequate preparations. The method of obtaining 
the losses from the power-angle records by differentiating twice 
does not give the losses with great accuracy, but the final slip 
in Fig. 8, and thus the energy, is known to within 10%. The 
power/time curve in Fig. 8 may contain a larger error, and it is 
not impossible that the losses in the first few cycles are, in fact, 
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Fig. 5.—Record of Test No. 1.5. 


Close-up 3-phase fault for 0-68 sec. 
Voltage regulator in commission. 


considerably higher than it would appear from this Figure, | 
which would slightly improve stability conditions for faults of 
short duration. | 


(5.3) Comments on the Results of the Transient Tests 


(5.3.1) Relationship between Power and Power Angle and the Effects| 
of Flux Decay. 

Fig. 9 shows the power plotted against power angle from the! 
wattmeter and power-angle recordings taken in tests Nos. 1.2, 
1.4 and 1.6. For comparison the upper dashed line was added, 
calculated on the assumption that the voltage behind the transient 
reactance remains constant. The measured power is con-! 
siderably smaller, which is mainly due to flux decay during the 
fault. The voltage behind the transient reactance was not 
measured directly, but the terminal voltage for the first swing 
at the instant when the current reaches a minimum about zero. 
is approximately equal to this quantity. Values taken from the 
voltage records are given in Table 6. Comparison of this voltage 
with that behind the transient reactance from the vector diagram, 


Table 6 


DECAY OF VOLTAGE BEHIND TRANSIENT REACTANCE 
DURING FAULTS 


Test 
number 


VilVn Vi 
before 


Vat 
first zero 


Fault 
duration 


Time to 


before first zero 


sec 
0-63 
1-28 
0:96 
0-98 
0-68 
0-32 
0:94 
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Fig. 7.—Record of Test 2. 


Fig. 6.—Record of Test No. 1.6. 
& 2 3-phase fault on isolated generator for 0:94 sec. 


Close-up 3-phase fault for 0-32 sec. Without voltage regulator. 
Voltage regulator in commission. 


80 


ir the corresponding load gives the flux decay AV, These 
ulues have been plotted against fault time in Fig. 10. In this 
/gure the full lines give the approximate flux decay charac- 
istic for tests without voltage regulator and the dashed line 
ir those with voltage regulator. This Figure does not take 
‘to account that the first current minimum, except in test No. 2, 
| some time after the end of the fault, as will be seen from 
nble 6. However, the general appearance of the curves in 
ig. 10 suggests that the flux changes between the end of the 
jult and the first current minimum are small because of the 
snger time-constant and lower upper limit. Modified calcula- 
wns of power against power angle have been made using 
iduced voltages behind transient reactance from Table 6 after 
‘¢ fault, which are much nearer to the observed values. 


3,2) Damping. 

‘Phase shift between the branches of the power/power-angle 
‘rves for rising and falling power angles contribute to the 
“ping of the electro-mechanical oscillations. The total 
“ming, which also contains a contribution from the prime- 
.over—governor system, can be estimated from the amplitude 
‘riition observed after the faults. Since the voltage at the 


stem busbar swings at a slightly different frequency from that ° o2 sy z eg o8 0 
| the test generator, the oscillations between the latter and the ’ 
tm busbar contain a beat which makes the initial damping Fig. 8.—Rotor angle, slip and losses during separate short-circuit 


‘p ar larger than the effective damping really is; for example, Test No. 2. 
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Fig. 9.—Power/power-angle curves obtained from results of 
Tests 1.2, 1.4 and 1.6. 
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Fig. 10.—Decay of voltage behind transient reactance. 


Without voltage regulator. 
———— With voltage regulator. 


in Fig. 6 amplitudes at 4sec are larger than at 2-Ssec after the 
commencement of the fault. For this reason only an approxi- 
mate figure can be given for the effective damping. 

For the distant single phase-to-earth fault (test No. 1.1) the 
damping was relatively good: time-constant, ft, = 2:16sec, 
damping constant, T, = 4H/t, = 10-8, and equivalent slip for 
full-load torque, s, = 9:2%. 

For the close-up phase-to-phase fault and 3-phase faults with 
the voltage regulator in commission, the voltage damping was 
smaller, corresponding to about tg = 2:Ssec, T,; =9-4 and 
S076 74: 

It is interesting to note that, in all the fault tests at similar 
amplitudes when 6, remains positive, the maxima and minima 
of the rotor current coincide with Snax ANd Somniny ie. with 
zero slip. The contribution of the direct-axis field winding to 
damping is therefore due to flux changes brought about near 
Ssmax ANd 55,nin, having the effect that the machine has a slightly 
larger flux when moving forwards and slightly smaller flux when 
moving backwards. 

A calculation of the negative-sequence resistance R, from 
power-angle changes during the phase-to-phase faults, caused 
by the decrease between mechanical input and electrical output 
(including losses), is bound to be inaccurate. The values obtained 
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Fig. 11.—Comparison of phase-phase fault tests with and without 
voltage regulator. 


—— —— Without voltage regulator. 
With voltage regulator. 


from the power/angle curve in Fig. 11 normally agree with tho 
calculated for the positive-sequence component with due accour 
taken of flux decay and leave very little for the negative-sequen 
component. The 100c/s component in the rotor current recorde 
during the phase-to-phase faults (i.e. tests Nos. 1.2-1.4), | 
only of the order of 20amp (r.m.s.). This causes losses in tt 
rotor winding of about 0-3kW, which make a negligible co 
tribution to the torque. 

A more direct method of determining R, would be a phas: 
to-phase fault test following open-circuit operation and con 
paring the losses with those obtained in test No. 2, which we 
under the same condition. 


(5.3.3) Effect of Voltage Regulator. 


After the transient-fault test on the system with voltag 
regulator, the machine retains a higher power amplitude th 
without voltage regulator, but it also finds its new equilibriu: 
in the first few seconds after the fault at a power angle 5, va 
respect to the rotor axis which is smaller than that before tl 
fault [Fig. 9(1.6)]. This is plausible, since the voltage regulat« 
causes an increase in field current for a few seconds which buik 
up in the direct-axis flux, while the quadrature-axis compone’ 
reaches its steady-state condition much more slowly because 1 
aid is given from the rotor. Without the voltage regulat 
[Fig. 9(1.4)] both components recover equally slowly, so that tl 
equilibrium power angle immediately after the first swing is 
larger power angles than in the normal steady-state conditi« 
corresponding to the reduced magnitude of voltage behit 
transient reactance. The curves J,,,/time (in Fig. 11) give 
direct comparison of the rotor current of the two tests, Nos. 1 
and 1.4. In the curve of V,,,/time with voltage regulator it 
seen that the rotor voltage rises at the rate of 280 volts/se 
From a normal excitation of 324 amp, which corresponds to’ 
rotor voltage of 273 volts, to the ceiling of 440 volts, it woo) 
take (440-273)/280 = 0-6sec, giving an exciter response — 
280/273 = 1-02 per unit voltage per second. 

f 
| 


STABILITY TESTS ON THE BRITISH 132kV GRID SYSTEM 


The two lower diagrams of Fig. 11 show slip against time, and 
electric power (including losses during the fault) against power 
angle as obtained from the power-angle changes during tests 
Nos. 1.3 and 1.4. The curve with voltage regulator has a slightly 
higher power maximum, but, since the slip does not return to 


zero, the longer duration of this type of fault leads to instability, 
as was observed in test No. 1.2. 


(5.3.4) Governor Action. 


A film record taken by the Eastern Division and analysed by 
the London Division of the C.E.A. shows that governor move- 
ment begins about 0-3sec after the beginning of either small 
or large disturbances. However, it appears from the dotted 
lines in the diagrams, e.g. Fig. 6 of power plotted against time, 
derived from measurements of mechanical power input of the 
turbine that the mechanical input during the first swing in which 
maximum power angle is reached does not change by more 
than about 5% of the full-load value. This is probably due 
to the time duration between steam input and the develop- 
ment of mechanical power. Behaviour in this respect is the 
same in all tests, but when pole slipping occurs, as for example 
in test No. 1.2 (Figs. 4 and 9), the governor is very effective in 
restoring synchronism. Not only did the governor then shut 
ithe valve completely when the machine ran above synchronous 
speed from about 1 to 2-5sec after the beginning of the fault, 
out it also opened the valve again immediately the machine began 
to run below synchronism in the fourth and fifth second after 
ithe beginning of the fault. During test No. 1.5 (Fig. 5), when 
ithe governor cut the steam off again when one pole pair slipped 
‘during the first second of the fault, the input was raised gradually 
iabout 2 sec later. 

-It is concluded, therefore, that in network-analyser calcula- 
ions of the first swing, governor action can safely be neglected. 
or consideration of normal damping of oscillations following 
‘ransient faults some knowledge of the characteristics of the 
@overnor of the system prime mover at the natural frequency of 
hese oscillations (about 1 c/s) would be valuable. 

- For resynchronization of steam turbo-alternators, the governor 


seems to be the most important factor. 


(5.3.5) Comparison of Actual Machine Performance with Results of 
Network-Analyser and Micro-Réseau Studies. 

There are two groups of factors causing results of network- 

analyser studies (with the usual simplifying assumptions) to 
Niffer from actual performance; one making the actual per- 
Rehiance better, the other making it worse, than theoretical 
forecasts. These may be illustrated by applying the equal-area 
theorem to the results of the 3-phase fault in test No. 1.6 
‘Fig. 9). 
Although this theorem is rarely applied directly on the network 
‘analyser, it is a useful means for obtaining an approximate 
»valuation of the error caused by the individual simplifications. 
'\t should, however, be borne in mind that a given error in terms 
‘of ‘equal area’ means a considerably smaller error in fault 
¢learing time. Thus, with the conditions given in Fig. 9(1.6), 
10% difference in ‘equal area’, i.e. between the area during and 
hat after the fault, requires only an adjustment of the displace- 
(ment angle during the fault proportional to the ratio of the 
crelerating power at the end of the fault (40 MW) to the sum 
‘+i this power and the retarding power immediately after the 
Vault (40 + 40 MW). In this case the ratio is 0-5, and the Dis 
inc‘ustment of displacement angle is obtained by a 2°5% adjust- 
ment of the fault clearing time, because the angle is practically 
‘r portional to the square of the time. 

The order of magnitude of the various errors is given in 
ole 7. 
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Table 7 


ORDERS OF MAGNITUDE OF VARIOUS ERRORS IN NETWORK 
ANALYSER STUDIES 


Percentage 
Percentage error of 
error of fault 
equal area clearing 
time 
Effects improving actual performance 
(i) Additional loss during fault .. | 3 8 2 
(ii) Reduced input through governor 
action after the fault, average ies) 3 0-75 
(iii) Damping, average a best tea 5 9 PII) 
(iv) Total error due to effects im- 
proving actual performance .. — 20 5 
ete cna 
Effect worsening actual performance | 
(v) Flux decay a6 Ks ae 20 40 10 


Transient-stability investigations with the usual simplified 
assumptions are thus, in this particular instance, slightly on the 
unsafe side, by about 5% in fault-clearing time. The maximum 
permissible fault-clearing time in the present investigation was 
calculated as 0:36sec, and the practical value would be 5% 
smaller, or 0:34sec. This accuracy is sufficient in almost every 
practical case. On those rare occasions when operation very 
near the stability limit cannot be avoided, an occasional check 
on the usually neglected factors may be advisable. 

In the preliminary studies of the transient tests on the micro- 
réseau the additional losses during short-circuit were rather 
more emphasized. Damping and governor action also did not 
seem to have been correctly represented owing to the fact that 
reliable data on the latter were not available. 

The transformer ratio actually used during the tests was not 
known during the preliminary studies, but inaccuracies from 
different tapping ratios are not of great consequence, since they 
bring about a change both in reactance and voltage which, to 
a considerable extent, cancel out. 


(5.3.6) Transient and Sub-transient Reactance. 

From the results of test 2 with a 3-phase fault following 
open-circuit operation, it has been possible to calculate transient 
and sub-transient reactance. 

By plotting the logarithm of current against time the following 
values are obtained: 


| Sub-transient | Transient 
| 
0 | en Sk Awe ie SAIN 
with I, = 2:-75kA| Xg’ + X;=28-9% | X’ + X, = 336% 
with X; = 12-4% | Xy =16:5% | Xj=21-2Y 


These values of X¥; and X77 agree with those given in Table 3 
to within the accuracy limits of such measurements. 

The transient reactance may also be obtained from voltages 
at the in-phase position and current maxima at phase opposition 
in test No. 1.2 where pole slipping occurred. This calculation 
is given in Table 8. It is seen that the values for X , agree well 
with the results from works tests given in Table 3. 

Since generator transient reactance is only about one-third of 
the effective reactance between generator e.m.f. and system 
busbar, a tolerance of 10-20% in this value would introduce 
errors of only 3-6% in the amplitude of power-power angle 
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CALCULATION OF TRANSIENT REACTANCE FROM VOLTAGE AND 
CURRENT REcorpDs (TEST 1.2) 
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t Test Visev Veyst ws XG (% + XD) Xa 
sec % % ye we Yo % Yo 
On e278 89 78:5 | 60-1 | 59-1 40:5 18-6 
2:8 279 89 76:0 | 59:4 | 58-4 40-5 17:9 
3-9 268 89 75 61:1 | 60-1 40-5 19-6 


curves, 6-12°% in ‘equal area’, or 1-5-3 % in fault clearing time. 
These errors appear to be tolerable in the light of the findings 
of Section 5.3.5. 


(5.3.7) Fault Current. 

Table 9 gives the fault currents for the six fault tests with a 
test generator feeding into the system through the 150-mile line. 
These agree with calculated values. For the sharing of the 


Table 9 


FAULT CURRENTS 


Test number 


Distance, miles 
Fault between phases site 
Measure ¢ 
Fault current Calculated kA .. 
37 measured, kA me Ne 
From line R, amp 

Y, amp 

B, amp 

3/o, amp 


zero-sequence current in test No. 1.1 between the test generator 
transformer and the line, it should be remembered that the zero- 
sequence impedance of this line of 150 miles is unusually low 
because the current passes down one circuit and returns on the 
second circuit of the same double-circuit line. 


(5.3.8) Miscellaneous. 


The direct-axis transient short-circuit time-constant deter- 
mined from test No. 2 for a 3-phase short-circuit at the 132kV 
terminals is 1-5sec. This agrees well with the rate of flux decay 
of test No. 1.6 (Fig. 10), for a similar short-circuit following full 
load (45MW), considering that the steady-state flux for this 
short-circuit, corresponding to the excitation of the load, is 
31% of the value for the e.m.f. behind transient reactance before 
the fault. 

The transient component of the field current in test No. 2 
(Fig. 7) decays at the same time-constant of 1-5sec. 

The current required in the field winding to maintain the 
original flux during the fault can be estimated by a Potier- 
triangle construction as shown in Fig. 12 for 100% e.m.f. and 
(X, + X;) reactance. It is interesting to note that the actual 
peak of the transient rotor current recorded is about 20% 
smaller than this estimated value. This is because there is also 
some current flowing in the damper winding and in the rotor steel. 

The transient component in the field current takes about 
0-06 sec to reach its maximum, corresponding to a time-constant 
of about 0:02sec. 

The direct-axis sub-transient short-circuit time-constant deter- 
mined from the alternating current is about 0:08 sec. 
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| 
| 
| 


The 50c/s component in the field current decays with a time- 
constant of about 0:12sec. 

The 11:8kV voltage is distorted immediately after a sudden 
disturbance, such as the beginning or end of a fault. The dis- 
tortions decrease with a time-constant of about 0:03-0:04 ne | 
ie. after 4-5 to 6 cycles they have practically disappeared, | 
They may be due to transformer magnetizing inrush currents. 


The voltage variations on the system busbars and the power- 
angle variations of the generator on the system busbars were of 
the order expected. 

Fig. 13 shows the variation in the angle between the system- 
busbar voltage at Cliff Quay and the ‘system busbar’ and the 
voltage at the distant Grid point for test No. 1.5 (the effect of 
which was reported to have been widely felt throughout the 
country). The system phase-angle curve takes about half a 
minute to return to its normal shape, the initial fluctuations 
being of the order of +5°. Knowledge of the magnitude and 
duration of this voltage and phase variation after faults is of 
interest in connection with problems of reclosing, and especially 
for determining reclosing time. 


SATURATION CHARACTERISTIC 


300 
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Fig. 12.—Potier construction for estimating Jo; max. during 
short-circuit. 
Test No. 2 (3-phase fault, no load), 


(5.4) Transient Performance with Insertion of Line 


The object of the tests during which the reactance of 
150 miles of 132kV line was suddenly inserted between the ‘test 
generator busbar’ and the ‘system busbar’ by opening the 
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fig. 13.—Angle between ‘system busbar’ at Cliff Quay and Leatherhead. 


;cupler was to determine whether this sudden increase of 
mpedance would cause instability. 

Five tests were made without voltage regulator at 15 MW 
oad and three at 45 MW load, proceeding from tests with high 
mcitation to those with lower excitation, which are nearer the 
tability limit. The 45MW test with the lowest excitation 
—9MVAr, 70° power angle before line insertion) was repeated 
yith voltage regulator, and the results of the recordings are 
hhown in Fig. 14. These are identical except that, in the 
sase without regulator, the rotor voltage was slightly smaller 
ifter 1-5sec, but the difference of only 3-6% is too small to be 
lf any significance. It thus seems that this type of voltage 
2gulator has a negligible effect on the small swings caused by 
ne sudden insertion of 150 miles of 132kV line even at an active 
jower of 45MW. After attenuation of the transient swings a 
yew equilibrium was approached slowly, or, when the initial 
sower angle was too near 90°, because the excitation was too 
ow for the machine to be stable with the line, the machine 
diided slowly to angles above 90° leaving ample time (several 
»conds) for corrective action (increase of excitation) to be taken 
y hand or by voltage regulator. 


(6) SUPPLEMENTARY TESTS 


| (6.1) Steady-State Stability Tests direct on Busbars without 
) Voltage Regulator 


| The tests were made in order to find the steady-state stability 
mit and to compare it with theoretical values and the per- 
rmance chart.? For different loads of 0, 15, 30 and 45 MW, 
ne excitation was reduced in steps at which readings were taken 
f all voltages, currents, reactive power and power angle, until 
loz slipping occurred. With no load the power angle naturally 
errained constant near zero. For the other loads, pole slipping 
“ceurred when a power angle of about 90° was exceeded. Even 
‘ken pole slipping had occurred the machine was never discon- 
tex‘ed from the busbars, but it pulled immediately into step 
ter slipping slowly over one pole pair, which gave sufficient 
wm» for taking corrective action after one pole had been slipped. 
tig 15 shows the rotor current and the power angle plotted 
% nst reactive power for the three constant loads. Calculated 
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Fig. 14.—Records of Test No. 2 (sudden insertion of line). Voltage 
regulator in commission. 
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Fig. 15.—Rotor current/MVAr (11-8kW terminal) and rotor 
angle/MVAr curves. 
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values of reactive power and rotor current at which instability 
(5 = 90°) is expected were compared with the actual values, 
and it was found that the reactive power is slightly higher than 
calculated values based on the unsaturated synchronous 
reactance, which is probably due to saturation effects. Thus the 
practical steady-state stability conditions are better than the 
theoretical forecasts. Closer agreement with calculations would 
be obtained with the use of a synchronous reactance equal to the 
reciprocal of the s.c.r., or, since, at 6 = 90°, the reactive-power 
current component acts in the direction of the quadrature axis, 
with use of a quadrature-axis synchronous reactance of about 
15°% smaller than the value of unsaturated direct-axis syn- 
chronous reactance. 

The machine-performance chart used in practice gives the 
limit of the reactive power at machine terminals for constant 
voltage at those terminals. Actual operation takes place 
with constant voltage at the 132kV busbars, and the reactive 
power is usually measured on the h.v. side of the generator 
transformer. This, together with the increased reactive-power 
limit found in the tests, brings the stability limit BC in the per- 
formance chart (Fig. 16) very much to the safe side. Thus, 
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previous tests, that the reactive power limit is about 15 % higher , 


than calculated values based on unsaturated direct-axis syn- 
chronous reactance. Again, when instability occurred, the 
machine moved slowly to power angles above 90° so as to leave 
time for corrective action to be taken in order to prevent slipping 
of more than one pole pair. 


(6.3) Steady-State Tests with Voltage Regulator including the 
Line 
The stability limit, ie. operation near 90° power angle and 


above, was approached by a reduction of the voltage-regulator _ 


setting. It was necessary to extend the normal range of the 
voltage regulator by additional resistance. Even then it was 
very difficult to obtain instability. Whenever the power angle 
to the system busbar reached values of about 120° the voltage 
regulator ‘boosted’ the excitation and usually managed to pull 
the machine back to power angles below 90°. This is probably 
due to the fact that the field current at power angles near 90° 
produces directly active current, i.e. in phase with the busbar 
voltage, while usually, i.e. at small power angles, it only produces 


reactive current. Thus, near zero power angle, any rotor-current | 


LEAD 
Fig. 16.—Performance chart of test generator for 95° terminal voltage. 


even with the tap ratio of 11-8/143-5kV at which instability 
occurred at about 86% of rated voltage, the stability limit is just 
outside the operating limits of the performance chart for 95% 
generator terminal voltage which would be available to the 
operator, and which includes a safety margin for a load variation 
of 5% of full load on the prime mover. The other limits are as 
follows: 


AB Minimum of the excitation current control limit. 
CD Maximum power of the prime mover. 

DE Maximum permissible stator current. 

EF Maximum permissible rotor current. 


The curves on constant load in the diagram of rotor current 
against reactive power given in Fig. 15 are, near the stability 
limit, very flat, which makes operation without voltage regulator 
near the stability limit rather sensitive to variations in the rotor 
current or load. 


(6.2) Steady-State Tests without Voltage Regulator including 
the Line 


The tests were made in the same way as the previous ones, 
with constant voltage at the system busbars. The results are 
plotted in Figs. 15 and 16, and they confirm the findings of the 


LAG 


variations caused by the voltage regulator, which always depend 
on the exciter response and the generator field time-constant 
corresponding to the circuit conditions, affect the active power 
only after subsequent changes of the power angle, which depend 
on the mechanical inertia of the machine. But at large power 
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Fig. 17.—Power-angle/time characteristic of test generator on 30 MW 
load. 


85% machine terminal voltage. 


angles rotor-current variations affect power output directly 
without any changes of the power angle. Fig. 17 shows a case 
where the power angle reached values above 130° during a test 
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made at 85% machine terminal voltage, 30 MW load and, for 
example, 20:9MVAr at 5 = 100°. 


(6.4) Asynchronous Operation of the Test Generator with Open 
Field Circuit 

An opportunity was taken to make some tests with asyn- 
chronous operation of the test generator with open field which 
may have practical importance in compensating for high system 
voltages and in the rapid connection of machines to the system 
without requiring a synchronizing operation. Tests were made 
at 0-30 MW with the generator loaded directly on the busbar, 
and at 10 MW only for supply through 150 miles of line to the 
system busbar. Voltage, current, reactive power and slip are 
plotted against active power in Fig. 18 with the points for 10 MW 
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Fig. 18.—Asynchronous performance of test generator with open field. 


Direct on busbars. 
x  10MW through line. 


operation through the line marked separately. The reactive- 
power input showed a slight variation during the slipping of the 
rotor, owing to differences in magnetic reluctance of the rotor in 
the direct and quadrature axis. If the rotor were replaced by a 
steel cylinder without slots for a field winding, this variation of 
‘reactive power would disappear. The slip is extremely low; 
since the field circuit was open, the rotor current corresponding 
to the torque must have found a very low-resistance path in the 
damper winding and the steel. Unfortunately this low-resistance 
path for the rotor current is not available for damping after 
‘transient faults because the penetration of alternating current 
in the steel depends on frequency (see Table 10). 
The maximum of the power/slip curve was not reached at 
30 MW and no further attempt was made to determine it. If 


Table 10 
DEPTH OF PENETRATION OF ALTERNATING CURRENT INTO STEEL 
(Resistiviry 12-5 x 10~° OHM-cM, PERMEABILITY = 1000), 
FOR DIFFERENT FREQUENCIES 


Frequency Slip Penetration Case 
1 
' c/s We, in 
0-028 0-055 1-4 Asynchronous operation at 10 MW 
0-13 On27 0-6 Asynchronous operation at 30 MW 
. 1 2 0-23 After-fault oscillations 
; 50 | 100 0-032 | Rotor current caused by d.c. 
| transient in stator j 
| -00 | 200 0-023 Rotor current caused by negative- 
| sequence stator current 
L 


operation in this condition continues for any length of time the 
temperature in the rotor and stator should be watched. 


(7) CONCLUSIONS 


The results of full-scale stability tests carried out on a 
56 MVA cylindrical-rotor turbo-alternator are, in principle, in 
good agreement with analytical results obtained prior to the tests. 

The results of network-analyser studies of transient stability 
employing the usual simplifying assumptions are found to be 
reasonably accurate, although they show the system to be slightly 
more stable than in practice. It was found, however, that 
during the transient fault tests, stability was maintained within 
the time limits determined by the network-analyser studies. 

Errors are only about 5% of the permissible fault-clearing 
time, which should be tolerable in almost every practical case; 
where operation is very near the stability limit a check on the 
effects of factors usually neglected may be advisable. 

The effects of saliency on transient reactance were not so 
material as to be observed. 

A tolerance of 10-20% in calculating the transient reactance 
introduced errors into the power/power-angle curves of 3-6°%, 
and 1-5-3 % in fault clearing time, which are not considered to 
be excessive. 

The action of the voltage regulator used during the tests gave 
results which were noticeably beneficial in faults lasting more 
than 0:3 sec. 

Governor action can safely be ignored for the first swing of 
swing curves, but it is very helpful for subsequent resynchroniza- 
tion of turbo-alternators. 

The fault currents observed during the tests are in agreement 
with calculated values. 

Steady-state stability at Cliff Quay was better in practice than 
in theory because of saturation effects. 

The voltage regulator greatly improves steady-state stability. 
It was almost impossible to obtain instability with the voltage 
regulator in commission. When the rotor moved slowly to a 
power angle of about 120°, the voltage regulator usually pulled 
it back below 90°. 

Short-time asynchronous operation of the test generator at 
Cliff Quay with open field either direct on busbars or through 
150 miles of 132kV line was possible with a very small slip up 
to 30 MW. The test limit was set by fear of possible damage 
to the machine due to overheating. 
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SUMMARY 

The stability of generating plant on a large interconnected system 
is a very important consideration of design and operation. Small-scale 
tests and the development of various types of calculator have provided 
the machine designer and system planning engineer with useful informa- 
tion, but the ultimate test is that of satisfactory performance in service. 
Tests on an operational system are very desirable, but before such work 
is carried out, the operational risks must be weighed against the 
importance of the results to be obtained. 

In 1956 it was decided that such an investigation should be made, 
and for the first time the Central Electricity Authority carried out 
steady-state and transient generator stability tests on an operational 
‘section of the system. 


(1) INTRODUCTION 


The paper describes the organization of a series of tests to 
‘study generator stability characteristics which were carried out 
jin 1956 at the request of Panel V/Da (System Constants) of the 
‘Electrical Research Association and with the approval of Mr. 
'J. D. Peattie, Chief Engineer of the Central Electricity Authority. 

Cliff Quay is a major generating station with six 45 MW 

imachines generating at 11-8kV and switched through generator 
itransformers at 132kV to a double-busbar substation. 132kV 
(feeders radiate to Colchester in the south, Great Yarmouth in 
the north and Sundon in the west. Local 132/33kV supplies 
are given at Ipswich, Stowmarket and Wymondley. 
By suitable switching, the double-busbar arrangements at 
SSundon and Cliff Quay made it possible to obtain a 132kV 
(feeder approximately 150 miles long, starting and terminating 
yon different busbars at Cliff Quay. This was the main reason 
ywhy Cliff Quay was chosen for the tests. In addition, it afforded 
Khe facility of controlling the tests and recording the essential 
information at one site. 

The only time suitable for carrying out the tests was during 
the August Bank Holiday period, when industrial supplies 
normally given from one of the Cliff Quay-Sundon lines at 
IWymondley were reduced to a minimum and the load could 
‘conveniently be transferred elsewhere. The dates chosen were 
Saturday to Tuesday, 4th-7th August, 1956. 


(2) GENERAL OUTLINE OF THE REQUIREMENTS FROM 
THE SYSTEM AND THE PLANT 


Tests were made in three stages, with the following aims: 


(a) To study the steady-state stability of a generator connected 
to a system, both directly and through a long transmission line, 
with and without automatic voltage regulators. At specified loads 
the excitation was gradually to be reduced until pole slipping com- 
menced. All observations were to be made visually in this stage. 

(b) To study the transient stability of a generator, with and without 
automatic voltage regulators, following the sudden insertion of a 
nigh line reactance in the system. This was to be accomplished by 
adjusting the load and excitation of the test machine whilst in 
parallel with others and then suddenly inserting, by the opening of a 
ircuit-breaker, 150 miles of line in series with the test machine. 

(c) To study the transient stability of a generator, with and without 
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automatic voltage regulators, coupled to the system through a high 
line reactance, resulting from the application of system faults. In 
this set of tests the machine was to be loaded to specified conditions, 
and 132kV faults of varying types were to be applied. The records 
were to be obtained automatically in this and the preceding stage. 


The task of organizing these programmes had the following 
major aspects: 


To safeguard and maintain supplies to consumers with the mini- 
mum of disturbance. 

To safeguard the system and plant under test. 

To obtain the necessary test information. 


(3) DETAILS OF THE SYSTEM AND ITS OPERATION 
AND CONTROL 


(3.1) The System 


The general layout is given in Fig. 1. The 132kV busbars 
at Cliff Quay were operated in two sections—the system section 
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Fig. 1.—132kV system arrangement. 


All the transformers are not shown. 


and the test section. To the system section were connected all 
local supplies and 132kV feeders with the exception of one 
Sundon feeder. This was switched to the test section. One 
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generator was selected to the test section with the remaining 
generators on load on the system section. 

At Sundon, the Cliff Quay feeders were switched to the reserve 
132kV busbar and all other feeders and the two transformers 
were switched to the main busbar. 

At Wymondley the two 132kV transformers were switched to 
the Cliff Quay—Sundon line, but both 33kV switches were open. 
The load normally supplied at 33kV was transferred elsewhere. 
Should the necessity have arisen, rapid restoration of 33kV 
supplies to Wymondley would have been possible. 

Each evening certain steps were taken to restore the system to 
normal in case fault conditions should arise during the night, 
when testing was not in progress. 


(3.2) Operation of the System 


The risks to the system, which might be encountered during the 
tests, were considered in advance and it was decided that the 
worst risk of losing all the generation at Cliff Quay should be 
catered for. The loss of certain transmission lines was also 
considered, but this was thought to be a smaller risk to the 
system. 

To cover the total loss of Cliff Quay generation, arrangements 
were made for generating plant to be available at all adjacent 
stations, and loading programmes for Cliff Quay and these 
stations were predetermined and the resultant transmission-line 
loadings assessed. 

As the system load during the four days of the test period was 
expected to be one of the lowest of the year, and very dependent 
on weather conditions, the maximum loading conditions which 
might occur during the mornings were estimated for bad weather, 
whereas the minimum loading conditions, during mid-afternoons, 
were estimated for good weather. 

Various methods of loading Cliff Quay generating station were 
considered, and it was decided that the station should work to a 
total load programme irrespective of the load carried by the test 
machine. Apart from the test machine, the remaining generators 
were to be available for normal commercial operation. This 
resulted in Cliff Quay being assigned a loading programme which 
varied from 70 to 120 MW dependent on the time and day. 

It was desirable that the overall loading of Cliff Quay should 
be as steady as possible during each test sequence, and the timing 
of the tests was carefully chosen to avoid rapidly changing system 
conditions, particularly at midday. 

System voltage conditions were considered, and it was agreed 
that the voltage on the system busbar at Cliff Quay should be 
not greater than 132kV. This was to ensure that reasonable 
reactive-power loading on the test generator could be achieved 
with between 138 and 145kV on the test busbar, when the two 
busbars were coupled by the Sundon lines. In order to give 
reasonable reactive-power loadings on the generators connected 
to the system busbar at Cliff Quay, particularly under low system 
load conditions, the voltage on the remainder of the 132kV 
system was adjusted accordingly. Experiments were carried out 
prior to the tests during lightly loaded periods, to see how these 
results could be best achieved. 


(3.3) Control of the System 


The main part of the system concerned in the tests comes 
within the Thames North Grid Control Area of the Central 
Electricity Authority. The normal functions of the Grid control 
engineer are to ensure security of supply to all the Grid supply 
points, instruct generator output, control switching operations 
and safety requirements associated with the high-voltage trans- 
mission system, and deal with fault conditions. 

In order to facilitate the test procedure a special variation of 
centralized Grid control was adopted. Throughout the tests a 
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Grid control engineer, called ‘the local Grid control engineer’ 
was located in the Cliff Quay station electrical control room. 
To him were transferred, from the Grid control centre, the 
responsibilities of Grid control for Cliff Quay and Ipswich 
generating stations, and the 132kV substations at Cliff Quay, | 
Ipswich, Stowmarket, Wymondley and part of Sundon. Testing 
took place on each day between the hours of 0900 and 1800, ~ 
and the local Grid control engineer operated during these hours. © 
His control desk was equipped with a hand-dressed diagram of ' 
the 132kV system directly concerned. 


(3.4) Control of the Generating Plant and Precautions for its 
Safeguard 


The station operating engineers were acquainted with the | 
project from the outset, and several meetings were held with them } 
to discuss the various tests required; their views were very helpful | 
and rehearsals of the operating procedure were carried out. 

The shift charge engineer at Cliff Quay was responsible for all 
operational aspects of the station plant including the test machine. 
For the purpose of the tests, however, an additional shift charge 
engineer, known as the ‘test machine engineer’, was stationed 
at the test machine and given responsibility for its safety. — 
Although he was responsible to the shift charge engineer on 
duty, he was given the authority to trip the machine mechanically | 
or to interrupt any test should he consider the condition of the | 
machine to be dangerous. 

It was decided that the same senior operating staff should be 
on duty during all the tests, in order that the experience gained 
during the earlier tests would be of benefit in the later, more » 
stringent, stages. 


(3.5) Special Communication Facilities 


The communications were divided into two main functional 
requirements—external and internal to the generating station. 


(3.5.1) External Communications. 


The local Grid control engineer was provided on his control . 
desk with an extension telephone on the house private automatic 
exchange which gave access to all points on the system under his 
control and to Thames North Grid Control Centre, the latter 
being provided with two separate private telephone circuits. 

An ex-directory Post Office telephone extension and a high- 
frequency carrier telephone service over one of the 132kV lines | 
to Sundon were also installed. The carrier telephone, in addition . 
to giving direct access to Sundon, provided an alternative route 
whereby messages could be relayed from Cliff Quay to Sundon 
and on to the Thames North Grid Control Centre in the event | 
of the failure of normal communications. 


(3.5.2) Internal Communications. 


A separate internal telephone switchboard was provided to. 
give communication with the station control room, the various 
testing points and the test generator. Simultaneous conversation 
with three or more points was possible. Silence booths were 
installed where background noise was high. 

The station private automatic exchange was reserved entirely 
for the use of the operation staff involved in the tests. 

The station electrical control room, which was used as the. 
centre for controlling operations, is situated in a building separate. 
from the turbine room. A closed-circuit television installation 
was provided with two cameras in the turbine room, in order to 
give pictures in the electrical control room, and these could be 
chosen to suit the test conditions. A view of the turbine governor 
valves on the screen was very valuable in indicating conditions on» 
the turbine to the control-room staff, 
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(3.6) Control of the Tests 


At an early stage those in charge of the tests were invited to 
attend meetings of the Panel V/Da. Arising from these discus- 
sions, a detailed programme of requirements was drawn up and 
agreement was reached on all the quantities that were to be 
recorded, both visually and automatically. It transpired that, in 
the transient tests, some 90 simultaneous recordings were 
required. After this detail was settled, site meetings were held 
to co-ordinate the whole programme and arrangements made for 
control, indication and recording. 

A temporary control and indication panel was installed in the 
station control room. Its main purpose was to concentrate at 
one point the additional instruments, indications and control 
facilities required by the tests. Multicore cables were run from 
this panel to the various recording points. 


(4) APPLICATION OF THE TEST CONDITIONS 


For several years prior to the tests and before 132kV system 
reinforcement had been commissioned, occasions had arisen at 
(Cliff Quay when generator pole slipping had occurred, and in one 
case a complete loss of generation had resulted. The operating 
staff had, over the course of time, evolved certain corrective 
techniques but they were naturally a little hesitant to operate 
machines with reduced excitation. 

With this in mind, the steady-state stability tests were carried 
‘out first. Excitation was reduced in a series of gradual steps, 
and although this procedure was not considered altogether neces- 
Sary, it enabled the operating staff to evolve a technique suitable 
for the test conditions. This was amply justified in the subse- 
quent tests, when severe pole slipping took place, since, by then, 
the control staff had learnt to delay the natural tendency to take 
corrective action, and the machine was allowed to slip poles 
sufficiently for necessary recordings to be made. This gradual 
approach in the initial tests also gave the opportunity to test 
lines of communication, recording instruments and observers’ 
techniques. 

Tn the transient-stability tests the sequential operation of start- 
ing all the recording equipment and the application of test con- 
ditions was carried out by a master control switch provided by 
the Electrical Research Association. 

Each test condition was applied 10sec after red lamps were 
‘Iltuminated at each recording point, at the test generator, and in 
che boiler house. 

The pole slipping which resulted from some of the tests was a 
considerable strain on the electrical control-room engineer, as 
the normal instruments provided on a generator control panel 
Zave a very alarming picture. This was aggravated by the know- 
edge that violent fluctuations in current were being produced in 
the other generators in the station and in feeders in the system. 
(he most useful of the panel instruments, however, was the field 
ammeter, which did give an indication of whether or not the rotor 
was pulling into step. Later in the series of tests, a chart recorder 
was installed near the test generator control panel and a record 
was taken of the rotor angular position. When this was oscil- 
atory, a valuable indication was given to show whether the 
machine was tending towards or away from stability. This 
‘nétrument then became the sole criterion of the rotor per- 
formance and was used to decide whether corrective action was 
aecessary. In order to restore stability more quickly after some 
hf the transient tests, a rapid field-current boost was applied by 
remotely closing the field-forcing contactor from the test generator 
<@ trol panel. 

n no test was it found necessary to trip off the test machine, 
> on some occasions corrective action, by increasing field 
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current and/or reducing load, had to be taken in order to restore 
stable conditions. 


(5) SPECIAL PROTECTIVE-GEAR MEASURES AND 
LIGHTNING FAULTS DURING THE TESTS 


(5.1) Protective Gear 


Most of the primary 132kV feeder protection on the system 
used for the tests employs directional relays, and the system 
voltage is one of the references. It is well known that relays of 
this type can operate incorrectly if one part of the system loses 
synchronism with another. It was therefore necessary to dis- 
connect such protective relays during the tests, and, wherever 
possible, over-current relay grading was adopted. In some cases 
over-current protection was disconnected for the short time of 
the test condition. This was because the currents flowing during 
the test were considerably larger than those which would have 
flowed through the over-current relays if system faults had 
occurred. The disconnection of protective relays at several 
points before each test, and the reconnection as soon as possible 
afterwards, needed careful programming. All the primary 
protective relays were reconnected at night. 

Careful consideration had to be given to the safety of the 
132kV switchgear. Conditions could have arisen in which the 
switchgear might have been subjected to recovery voltages or to 
the rupture of capacitance currents in excess of those for which 
it was designed. These conditions were safeguarded by arranging 
for the simultaneous tripping of two circuit-breakers in series, 
or by tripping one circuit-breaker before another, depending on 
the conditions to be safeguarded. 

It is of interest to note that no protective relays operated incor- 
rectly during the tests. 


(5.2) System Faults Encountered During the Tests 


During one day lightning was reported in south-east England. 
Testing continued for a while but a continuous check indicated 
that storms were moving into the area. The tests were imme- 
diately abandoned, protective gear was restored to service, and 
the system restored to normal. The last trip link had just been 
inserted for the main protection on the Cliff Quay-Yarmouth 
132kV feeder when the line was struck by lightning and tripped 
correctly. Soon after this feeder had been restored to service, 
both the Cliff Quay-Sundon 132kV feeders tripped owing to 
lightning. All circuits, including the test generator, cleared 
correctly, and this was the only occasion when this generator was 
tripped from the system. 

Testing was subsequently resumed, but the incidents clearly 
demonstrated to all concerned that the work was not being 
carried out in a laboratory and that the normal hazards of 
system operation must be catered for in planning system tests. 


(6) GENERAL CONCLUSIONS 


The programme succeeded because of the co-operation of all 
parties, and it was a real example of team work. The relatively 
gentle progress in the early stages was amply rewarded by the 
operating technique developed by the staff as the tests proceeded. 

In tests of this nature, it is essential to draw up a programme 
and adhere to it, as any modifications, however slight, may 
delay the proceedings. Adequate communications, independent 
of the operational system, are very valuable, and a closed-circuit 
television installation can be most useful in giving the control- 
room staff a picture of conditions on the test turbine. 

Some operational risks are unavoidable, but they must all be 
carefully considered and the possibility of fault conditions must 
not be ignored. 

The tests demonstrated that the normal generator control- 
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panel instruments are inadequate and can give misleading 
information during unstable conditions. They also showed the 
usefulness of rotor-angle indication or recording in a large 
generating station where instability is likely to occur. These 
indications are invaluable in informing the operating engineer 
which generator has an oscillating rotor and in telling him if 
corrective action is necessary and, if so, whether the action is 
having the desired effect. 

The tests showed that operational staff at large generating 
stations could benefit from training to meet and rectify generator 
instability conditions. This could be achieved in some measure 


DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE INSTITUTION, 6TH MARCH, 1958 


Mr. L. Gosland: These two valuable papers represent the 
attainment of an object which has been pursued steadily since 
1948, when Mr. F. C. Winfield asked that the E.R.A. should 
examine the parameters and assumptions used in system studies. 
The tests described were preceded by examination and defini- 
tion* of all constants used in system studies, by listingt those 
essential or desirable for the various types of study and by an 
inquiry into the accuracy with which the constants required 
could be evaluated from design or test data. 

This tedious preparatory work, which drew help from most 
organizations concerned with the problems under discussion, 
made possible the establishment of precise questions which tests 
could be designed to answer. 

The questions having been set, the organization described in the 
paper by Dr. Last and Messrs. Mills and Norris came into play. 
The problem seems rather simple; i.e. to find a suitable piece of 
system, isolate a machine and put it on a test busbar, connect 
it to a system busbar and conduct a few tests, but far-reaching 
precautions had to be taken. These proved both necessary and 
sufficient, and the paper provides admirable guidance for future 
occasions of the kind. The authors have not mentioned the 
provision required for many visiting engineers on the site, some 
engaged on investigations divorced from the main theme for 
which the occasion provided a unique opportunity. 

The authors conclude that indication of the rotor angle of 
machines in control rooms is desirable. Has any further con- 
sideration been given to this, and is it practicable, or is equipment 
available? They also conclude that operating staff should be 
trained in the correction of instability and suggest small-scale 
demonstrations. Do they propose demonstrations on machines 
or on simulators, and has there been any action? 

The outstanding conclusion of the paper by Dr. Busemann and 
Mr. Casson is that which all concerned hoped for, namely that 
the simple assumptions and simplified constants normally used 
in analysis for transient stability are entirely adequate. Further 
discussion of the detail would be helpful, and particularly of the 
statement that both flux decay and voltage-regulator action may 
be safely neglected. The two effects compensate, since neglect 
of flux decay is equivalent to the assumption that a voltage 
regulator maintains flux. The detailed evidence in support of 
this view in Table 7 relates to a test with voltage regulator already 
in action at the end of a fault of fairly short duration. Longer 
fault durations with greater flux decay, slower voltage regulator 
and slower governor might make it necessary to watch the 
position. 

The important adverse effect of flux decay draws attention to 
the advantage of maintaining the flux, and thus all synchronizing 
forces from the start of a fault. In the extreme, there could be a 
computer fed with information on all relevant system quantities, 
instructing a powerful excitation system to provide optimum 
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by organizing small-scale demonstrations at stations where 
instability may arise. 
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field throughout. Russian experiments in this direction have 
been described,* and it would be interesting to learn of the recent 
British developments and perhaps to discuss the advantages of 
improving stability by such means rather than by reduction of 
reactance. 

The steady-state tests, which are a side issue in the present 
series, are probably better discussed in the context of results of a 
more elaborate series on this aspect recently completed by the 
Central Electricity Generating Board. One point indicating’ 
uncertainty should be mentioned, since a paper of the present 
character should be decisive. There is some indecision as 
between Sections 2.2 and 6.1 on whether a saturated or un- 
saturated value of synchronous reactance should be used to 
calculate the limit of leading reactive power. For the machine 
used, even at rated voltage, there is no great difference between 
the two values. At the test voltage (about 90% machine 
terminal voltage at critical times) the difference will be less. It’ 
is thus unlikely that saturation could have an important effect. ' 
The discrepancy between calculation and observation may be 
due to an effect of saliency. 

The work resulting in these papers has achieved its object as 
concerns turbo-alternators, and we can now speak with great 
authority on matters of stability of networks connecting thermal 
stations. The immediately profitable application of the results 
is in the export field. It is pertinent to consider whether there is 
not need for tests of a similar character in relation to hydro- 
electric machines, where the factors enter into the problem in’ 
different relative orders of magnitude. 

Mr. F. J. Lane: Full-scale system tests are often asked for, 
but the amount of preparatory work involved is rarely appre-- 
ciated. The paper by Dr. Last and Messrs. Mills and Norris is 
important and valuable because it sets out clearly the many ~ 
and complicated arrangements which have to be made. In 
Section 2 they could have added three other major aspects: 

(i) To inform and obtain the co-operation of staff at all levels, 
by giving to all a reasonable understanding of the intention of the’ 
programme, of the special points requiring attention, and of the’ 
responsibility of each individual for observation and security. 

(ii) To minimize the costs of the exercise, which can be appreciable - 
having regard to staff time, test rigs, spare plant and special duties’ 
on the day, quite apart from the capital value of the assets tested, 
which may run into some millions of pounds sterling. 

_ Gii) To control the number and activity of those wishing to par-. 

ticipate, in order to ensure quiet and objective co-operation, to! 

satisfy those with special interests, and yet to prevent enthusiastic 
witnesses from unwittingly bringing themselves or their colleagues 


into danger. 

In Section 7 of the paper by Dr. Busemann and Mr. Casson 
the authors should have answered quite firmly their own ques- 
tion as to ‘how accurately (for the Cliff Quay conditions) the 
network-analyser studies represent actual system conditions’, and 
avoided such vague phrases as ‘in principle’, ‘reasonably accu- 
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rate’ and ‘not so material’. They could thus have given added 
significance to the tests and firmer guidance to future system 
analysts. 

With reference to test No. 1.2, is it not possible that the 

different results from the micro-réseau analysis and the site test 
may be attributable to differences between the assumed and 
actual electrical quantities in the machine? 

Monsieur M. Magnien (France): In France we are carrying 
| Out the commissioning tests for the first 380kV line between 
| Génissiat and Paris, and so we can appreciate the amount of 
' work represented by the organization, the tests themselves and 
| their interpretation. 

The micro-réseau, which is also called a dynamic reduced-scale 

| model, is a 3-phase model and is operated at the normal frequency 
( of the French system, i.e. 50c/s. It was designed between the 
| years 1940 and 1949 by M. Roger Robert, under the supervision 
( of M. Francois Cahen. 
The elements of which it is constituted are as follows: the 
( generating units, which are small real 3-phase generators, are 
driven by d.c. motors, representing the turbines. The generators 
| have been studied so that their essential characteristics—satura- 
tion condition of the magnetic circuit, reduced reactances, time- 
constants of the circuits, as well as the characteristics of the 
exciters—may approximate as closely as possible to those in the 
- actual machines. 

The turbines are represented by d.c. motors with a separate 
excitation and with a variable-voltage supply, which makes it 
possible to adjust at will the speed/torque characteristic of the 
turbine which it is desired to represent. 

The generator excitation is provided by individual exciters 
- controlled by voltage regulators. The micro-turbine control is 
effected by means of electronic speed governors specially designed 
to represent the actual characteristics of steam and hydraulic 
turbine governors. 

‘These small generators, which as a whole constitute the pro- 
'duction centres, can be connected to a reduced-scale 3-phase 
system composed of resistors, reactors and capacitors, from 
‘which are supplied 3-phase sets of resistors and reactors repre- 
senting the consumers’ load. 

The study of steady-state conditions on the micro-réseau 
demands, as on the actual system, the synchronization of the 
different sources. From these steady-state conditions we can 
study, by means of recordings, transient conditions due to the 
appearance of interference. This interference is provoked by a 
synchronous switch which acts on the system through a set of 
\relays. This switch controls with precision the programme 
jaccording to which the successive operations—application of the 
ifault, fault duration, single-pole or 3-pole tripping of certain 
\lines, etc-—must occur. The phenomena are recorded accord- 
jing to their nature and duration by means of cathode-ray or 
magnetic oscilloscopes. 

In the paper by Dr. Busemann and Mr. Casson, we agree in 
ascribing the most important part of the differences between the 
results of the actual tests and those of the micro-réseau to the 
losses in the short-circuit, which are different for the actual 
‘machine and the micro-machine used. 

With regard to the losses when short-circuiting the machine, 
it should be noted that this element has a great influence on the 
‘elimination times only when the fault is electrically quite close to 
the machine, and that this influence is greater as the power 
supplied before the short-circuit is smaller, since, short-circuit 
esses are practically independent of the initial load condition. 
Yhis is emphasized in Table 5, from which it can be seen that the 
most important difference between the results of the micro- 
ureseau study and those of the study on the actual system corre- 
ssonds to Test No. 1.5, the 3-phase fault at the transformer 


terminals, the machine running at three-quarters of its rated 
capacity. 

In order to make the studies on the micro-réseau of value in 
these particular cases it is necessary to try to reduce the losses of 
the micro-machines. This problem has been attracting our 
attention for a long time, and the Cliff Quay tests have induced us 
to pursue our efforts in this direction. 

In Section 2.5 the authors indicate a law of the increase of 
losses in relation to the reduction in size of the machine. In 
fact, with micro-machines this law has not been exactly verified, 
owing to their special design. In particular, the micro-machines 
are very largely over-dimensioned with regard to the stator 
losses, so that at present the d.c. resistances of the stator 
windings are, in relative values, equivalent to those of the large 
machines. However, extra losses in the stator in the micro- 
machines are much higher than in the actual machines. 

We are now trying to find constructional arrangements which 
will make it possible to reduce these losses to a value com- 
parable to those of the large machines. Once a solution is found 
it will be very interesting to review some of the tests, such as 
Nos. 1.2 and 1.5, for which the parameters relating to the speed 
governor, voltage regulator, transformers and their related 
equipment are known, following the analysis of recordings 
obtained in the actual tests. 

Mr. W.N. C. Clinch: I visited the Cliff Quay station, and, had 
I been one of the control engineers, I should have been very 
frightened to see the instruments behave as they did, and should 
have wondered what was going to happen next. I should like 
to know whether the manufacturers are, in fact, interested in 
seeing what their plant can do. Probably they are now very 
thankful, but were they, at the time, very appreciative of the 
fact that what had been designed and put into operation was able 
to carry out the obligations which these tests imposed on it? 
Furthermore, were the machines specially adapted for this 
occasion? 

What lessons were learned from the tests? Can some indi- 
cation be given of the way in which the order of procedure was 
defined? With regard to the switching of an unexcited rotor on 
to the system, what was the reaction at that time as a result of 
that sequence? 

In Dr. Busemann and Mr. Casson’s Fig. 4 it is of interest 
that the rupturing duty on the main field circuit-breaker, should 
it be called upon to open under pole-slipping conditions, is 
170% of the figure at full load. Designers should note this, 
because field circuit-breaker failures are not unknown. 

Mr. T. M. Whitelegg: With reference to the paper by Dr. 
Last and Messrs. Mills and Norris, the alarming performance 
of the generator switchboard instruments might not be so 
serious in temporary unstable conditions arising in practice, 
since some time would elapse before the control-room staff could 
decide exactly what had happened, and by that time the oscilla- 
tion on the meters of generators which had retained stability 
might have died down. 

In the paper by Dr. Busemann and Mr. Casson it is unfortu- 
nate that conclusions based on a theoretical assessment of the 
assumptions made in analyser studies are confused with con- 
clusions based on the practical results achieved at Cliff Quay. 

The overriding conclusion is that stability in the first swing 
was maintained at Cliff Quay to within the time limits determined 
by network-analyser studies. Probably the closest comparison 
is obtained in test No. 1.6, where the network analyser gave 
0-36sec for the critical switching time and the test at 0-32 sec at 
Cliff Quay produced stability. It is practically impossible to 
compare results by the extent of the swing, and therefore within 
the limits permitted by the number of tests available at Cliff Quay 
there seems no evidence to support the conclusion that the net- 
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work analyser using the usual assumptions is slightly on the 
unsafe side. 

On the analyser the critical switching time is usually deter- 
mined to within 0:025sec, but even this is not always possible 
owing to the laborious step-by-step methods involved. The 
installation of automatic devices used in conjunction with net- 
work analysers, such as those recently described by Kaneff,* 
would enable critical switching times to be determined rapidly 
and accurately. For a given system where all the data were 
accurately known and a thorough transient-stability calculation 
was made giving a critical fault clearance time of 0:36sec, what 
switching time would be selected by system operating engineers 
for everyday use? 

If it could be shown on a particular system that stability would 
definitely be regained after pole slipping, I wonder whether this 
would be accepted as a feasible operating condition. 

The tests at Cliff Quay have provided an all-too-rare oppor- 
tunity to test network-analyser results in practice; the tests have 
shown that for this particular type of system, i.e. a generator 
supplying power over a long line to a very large system which 
behaves practically as an infinite busbar in comparison with the 
size of the machine tested, the analyser gives reliable results. It 
is hoped that, in the future, an opportunity will be afforded to 
test analyser calculations for other types of system. 

Mr. R. E. Martin: From what the authors have stated, it is clear 
that rotor-angle instruments should be used. Can the authors 
state what types of display they would like to see? Would they 
prefer to see the rotor angle recorded continuously on a pen 
recorder with self-starting paper drive, or would they prefer a 
long-afterglow oscillograph tube? On the organization of large- 
scale tests generally, I certainly agree with the comments in the 
paper by Dr. Last and Messrs. Mills and Norris on the necessity 
for a really clear organization, and would underline the need for 
a clear plan. It is also necessary to have a properly defined 
line of responsibility, co-operation and safety, and I would also 
emphasize the need for good communication facilities and really 
reliable instrumentation. We have suffered from failures of 
both in the past. It is always a good plan to have a complete 
dress rehearsal of the instrumentation and to make arrangements 
to have everything ready and working a day before the tests are 
due to begin. Experience has emphasized these points and 
shown that there is a real need to mount all the instrumentation 
in a vehicle, so that it can be set up properly in the laboratory 
and transported to the job. 

One difficulty with these tests is that we rarely have enough 
channels available in the oscillograph. JI can remember the time 
when we used to be satisfied with three channels and for some 
years we have used six, and recently the number has been 
increased to twelve or more. We are now pleased to find that 
the instrument manufacturers are making 50-channel oscillo- 
graphs with 12in-wide paper. I would welcome the intro- 
duction of ultra-violet recording in place of photography. For 
many purposes this system, which produces an immediately 
visible record without processing, will be of great advantage to 
those who, like myself, have to organize tests in the field. The 
use of photographic techniques involving conventional process- 
ing is always inconvenient in the field owing to lack of water 
supplies and delay in awaiting each record before tests can 
proceed. 

Perhaps the power engineer should adopt the magnetic data- 
recording techniques which are now used in the aircraft and 
guided-missile field for multi-channel recording. 

Mr. D. R. Fenwick: The value of the automatic voltage regu- 
lator has been demonstrated during these tests, but the result 


* KanerFF, S.: “Dynamic Operation of an A.C. Network Analyser’, P di 
I.E.E., Paper No. 1847S, October, 1955 (102 A, p. 597). Pon Ne Soa 


DISCUSSION ON TWO PAPERS ON 132kV GRID SYSTEM TESTS 


given in Fig. 17 and discussed in Section 6.3 of the paper by Dr. 
Busemann and Mr. Casson seems likely to lead to the wrong 
conclusion. 

The regulator concerned is of the normally inactive type 
having a dead band or zone of insensitivity of about +0°5%. 
When such a zone of insensitivity exists in the regulating system, 


conditions inside this zone correspond to those of manual 


control, and it is not, in fact, possible to obtain truly stable 
operation at power angles which exceed about 90°. Any 
attempt to operate slightly beyond this point will result in a slow 
increase of angle which, in turn, causes a slow reduction in 


alternator terminal voltage until the fine raising contacts of the / 


automatic voltage regulator operate to increase the excitation 


of the machine to reduce the angle and raise the terminal voltage. | 


The fine lowering contacts now operate to reduce the excitation 
and increase the angle again. The phenomena are repeated 
continuously, the frequency of swing being about one cycle per 
minute. 

If operation at even greater angles is attempted, the rate of 
decrease of voltage with increase of angle is such that the forcing 
contacts which are set at 5% below the normal value operate to 
raise the excitation rapidly. Under these conditions the oscilla- 
tion of the rotor, which was relatively small and of long periodic 
time, increases in magnitude and frequency to a violent swinging 


with ultimate loss of synchronism, and I believe that Fig. 17 


shows an early part of such a swing. 
Steady operation at power angles in excess of 90° can only 
be obtained with a suitably designed continuously acting regu- 


lator, and it is regretted that comparative tests with such an | 


equipment were not made at Ipswich. 
It is of interest to consider the steady-state limits which would 
have been expected with the magnetic-amplifier/amplidyne 
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(ii) 
Fig. A.—Operating chart for 1-45 MW alternator at Cliff Quay. 


@) When connected to the system through a transformer. 
Gi) When connected to the system through a transformer and the Sundon line. 
Stability limits of alternator terminal loading. 11-8kV terminal voltage. 


egulator, and accordingly an analogue-computer study has been 
mmade to determine these limits both with and without the 
Sundon line [Figs. A(i) and A(ii)]. With reference to Fig. A(i), 
it is of interest to note that the power angle of 130° in Fig. 17 
‘corresponds to a power factor of approximately 0-6 (leading) 
at 30 MW, whilst in Fig. A(ii) this corresponds to a power factor 
of approximately 0-65 (leading). 

Mr. B. Adkins: The process of simulation has become very 

important in relation to power-system work, owing, on the one 
hand, to the difficulty of carrying out direct experimentation of 
ithe kind recorded in these papers and on the other to the com- 
plication of a purely theoretical approach to the subject. The 
yprocess can be regarded either as a means of representing the 
ysystem in order to find out how it works (the how method) or 
sas a means of making the calculations required by a theoretical 
study (the why method). 
At the Imperial College of Science and Technology we have 
jan installation of micro-machines which provide an extremely 
good simulation of the machines and auxiliary apparatus. The 
‘equipment was provided by the Central Electricity Generating 
{Board with the collaboration of Electricité de France. 

I gather that the French micro-machine equipment (as well 

as the more recent Russian installation) has been primarily 
aegarded as a means of setting up the system and making a 
test; i.e. they use the how method. On the other hand, we are 
irving to use the why method. Our plan is to start by calculating 
the theoretical performance and then to check the result by 
experiment. 
So far, we have dealt only with relatively simple conditions. 
he subjects investigated include forced and free oscillations in 
synchronous machines, rapidly oscillating short-circuit torques 
hich may produce dangerous stresses, slowly varying torques 
after a short-circuit or a fault which cause swinging of the rotor, 
ithe asynchronous operation of synchronous machines, the con- 
iditions of resynchronization, and finally the effect of voltage 
vegulators of various types on the stability of the machine. 

Mr. J. S. Vosper: The investigation of system stability at Cliff 
Quay provided an excellent opportunity for studying switching 
viransients. These are of considerable interest, and I should like 
to indicate briefly the main features of these measurements. 

The voltages to earth at each terminal of the circuit-breaker 
\clearing the short-circuits were recorded by cathode-ray oscillo- 
wgraphs. Two system arrangements are of interest: 

(i) The clearance of a phase-to-phase fault fed by the test 
generator in parallel with the main system. 

. (ii) The clearance of a 3-phase fault fed by the test generator 
alone. 

A comparison between a test record and a record obtained 
yon the E.R.A. network analyser for the first arrangement is 
lshown in Fig. B. Allowing for the width of the trace in some 
portions of the test record, indicated by the multiple dotted lines, 
ithe agreement is seen to be quite good. 
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Fig. B.—Comparison between network analyser and test records. 


Analyser record. 
-=-—= Test record. 


Vor. 105, PART A. 


DISCUSSION ON TWO PAPERS ON 132kV GRID SYSTEM TESTS 


369 


The frequency of the recorded restriking voltage transient for 
the second case is in close agreement with that calculated from 
normal parameters for the local plant involved. The damping 
of the oscillation is in reasonable agreement with that measured 
on other, similar, plant. At the greatly reduced excitation due 
to the abnormally long fault duration in this test an interesting 
and important characteristic of the generator is apparent: the 
mean line of the oscillation approaches the extrapolated 50c/s 
recovery voltage exponentially during the first quarter cycle. 

A more detailed account of these results will be published as 
soon as possible. 

Dr. P. D. Aylett: If we consider this question of increased rotor 
losses on the isolated generator, i.e. the subject of test No. 2, we 
see that the increased losses arise, as would be expected from the 
theory, because the very large subtransient currents produce 
losses not only in the stator and transformer resistance but also 
in the rotor resistance. This rotor resistance is more or less 
measured by the negative-phase-sequence resistance of the 
machine, and a simple calculation shows that, at the instant of 
the fault, something like full-load torque has to be put into the 
losses, and so we would expect that initially the machine would 
not accelerate at all. However, the position soon changes with 
the rapid decay of the subtransient currents (and torques). 

The authors not only give us a very good comparison with the 
techniques which have been adopted for years in solving power- 
system problems, but signpost the way to the future. There is 
no doubt that, for turbo-generators on the British system, 
almost any generator will resynchronize following a fault. This 
tends to reduce the importance of the rapid clearance of faults. 
For simple systems it appears, however long the time to fault 
clearance, that the generator will resynchronize, and this view 
is confirmed by theory. This, if it is true for complex systems 
and is confirmed by further investigations, might fundamentally 
influence methods of design of power systems. 

In Section 5.3.2 of the paper by Dr. Busemann and Mr. 
Casson, the damping of the machine is shown in the asyn- 
chronous tests to be very high. The machine had a negligible 
slip at 30 MW, and the damping torque coefficient instead of 
being 8 or 9 was about 50-100. This value is effective only 
up to about 4% slip. The damping torque coefficient is very 
large when the slip is small, so that if the governor brings the 
machine into this region it will resynchronize; but the governor 
can have a negative effect, as the first two diagrams of Fig. 6 show. 
In this case the effect of the governor is such that most steam 
is admitted at the instant when the slip veiocity is a maximum. 
In other words, the governor system produces negative damp- 
ing, and it pumps power in when it should be taking it out. 

We have tried to obtain some idea of how governors perform 
and their mathematics as control mechanisms, but the manu- 
facturers do not seem to be able to tell us. We want to know a 
good deal more about what the governor does at the various slip 
frequencies which it is likely to encounter, particularly when the 
machine is out of step. 

The paper is very important, because it fills a gap between 
theory and practice. Anyone who has studied this field finds 
many elegant equations and a great deal of theory but very little 
experimental evidence. It is just the sort of evidence given in 
this paper which will be of value to us. These tests have also 
encouraged the Central Electricity Generating Board to carry out 
a number of other tests. We find that the turbo-generator is a 
very good machine indeed. Provided that the three phases are 
connected we can make it slip, and switch the field on or off and 
it will nearly always resynchronize. Thus, although the con- 
ditions may look dangerous to the operator watching his violently 
oscillating instruments, they are much safer than they look. 

It would be a good plan to carry out tests to show the control 
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staff that they can easily, by taking simple action, restore a 
machine to synchronism. This need not be done with a simu- 
lator; it can be done in the power stations. We have done it in 
power stations at various times, and operators soon gain con- 
fidence when they find that simply by increasing the field current 
they can bring a machine back into step. 

Mr. E. B. Powell: During these tests I was recording the rotor 
angles on a ciné film from stroboscopic observations. 

From an analysis of the film in test No. 2 it was seen that the 
initial braking constant due to the heavy losses with a 3-phase 
short-circuit would exceed the acceleration constant due to full- 
load steam input, and so the rotor would initially slow down 
slightly before accelerating. This initial braking effect is not 
always appreciated, but it can be seen from curve (i) in Fig. C, 
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Fig. C.—Three-phase fault of 0-32sec duration. The machine load is 


45 MW, 10 MVAr (lagging). 


(i) Stroboscopic record. 

(ii) As calculated by acceleration equation with H = 5:85 kW-sec/kVA. 
(iii) As for (ii) but with a time delay of 0:06sec before acceleration. 

(iv) As for (iii) but with H = 4:97kW-sec/kVA. 


obtained from the ciné film in test No. 1.6. It is impossible to 
decide the amount of the actual back swing, since the reference 
voltage will be distorted when the fault is applied. In my 
opinion, however, the true back swing would be about 4° instead 
of the 3° shown by the film. 

Curve (ii) shows the calculated angle advance with H = 5-85 
kW-sec/kVA and ignoring resistive losses. It is known that 
there was no governor action during this period. 

The equal-area theory shows that, if the acceleration followed 
curve (ii), the system was stable up to a fault-clearing time of 
0-35sec. However, it gives an angular advance of 15° too 
much during the fault. This confirms the view that the accelera- 
tion of the rotor must have been delayed due to the braking 
effect. 

Curve (iii) shows the calculated swing curve, assuming the 
acceleration is delayed for 3 cycles, when H = 5-85 kW-sec/kVA. 
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Curve (iv) is the same as curve (iii) but with H = 4:97" 
kW-sec/kVA. This value of H was obtained from an analysis of } 
the film showing the rotor acceleration during the first 20 cycles 
when the machine was switched out with a load of 4;:0MW. I | 
should be interested to know the method of testing adopted by | 
the manufacturers which gave H = 5:85kW-sec/kVA. 

In order to bring curve (iii) into line with curve (iv), the delay | 
in acceleration would be 2 cycles. 

In view of the findings from these tests, I would stress that an | 
expensive network analyser should never be used on problems 
that can be solved in half an hour by a simple approximation, { 
such as that shown by curve (ii), unless this simplified approach | 
suggests that the system is unstable. { 

Mr. J. G. Miles (communicated): The paper by Dr. Busemann { 
and Mr. Casson brings into prominence the significance of the § 
governor and regulator control loops in determining system 4 
behaviour. The results of the static stability tests clearly indi- | 
cate the importance of the voltage regulator in extending the § 
machine operating limits in the under-excited region, as previ- | 
ously described by Mr. Fenwick. 

The ability to utilize this additional machine capacity is highly | 
desirable to meet the large capacitive demands encountered under 4 
light-load conditions on present-day interconnected networks. 

Alternatively the use of suitable voltage regulators may enable 
machines of lower short-circuit ratio to be used to meet given | 
loading conditions. 

In order to calculate the improvement in performance to be 
expected from the use of a given regulating system, the most 
suitable means appears to be an electronic analogue computer 
of the differential analyser type. 

By the use of such equipment, and employing linearized 
equations, the response of the system to small disturbances under | 
given operating conditions can easily be determined, and by 
taking a series of operating points, the dynamic stability limit 
curve can be built up. Computers of this type are also of value 
for detailed studies of transient stability, including governor 
and regulator effects, particularly when the second and subse- 
quent swings are of interest. 

With the increased emphasis now being attached to the per- 
formance of system control loops, as shown in the paper, the use | 
of computer equipment of this type can evidently be a valuable 
aid to co-ordinated system planning. 

Mr. D. B. Welbourn (communicated): Section 5.3.4 of the | 
paper by Dr. Busemann and Mr. Casson is tantalizing in its 
brevity. Can the authors provide further details of the design 
of the governor and its operation? Inspection of the Figures | 
suggests that, in fact, it is unnecessarily sluggish in operation, 
and that a better governor might appreciably improve the per- ° 
formance of the system. The performance of mechanical 
governors is subject to rational analysis* despite widely held ~ 
views to the contrary. . 

It is surprising that the authors do not even comment on the 
need for governing from the electrical side of the system, instead ~ 
of waiting for the speed to change in order to control the steam — 
supply. 

[The authors’ replies to the above discussion will be found on 
page 373.] 


NORTH MIDLAND CENTRE, AT LEEDS, 4TH FEBRUARY, 1958 


Mr. W. J. A. Painter: In Section 3.1 of the paper by Dr. Last 
and Messrs. Mills and Norris, I expected to find reference to 
the auxiliary supply arrangements in the station. Can the 
authors say whether the ‘test generator’ auxiliary supplies were 
completely isolated from the auxiliary supplies for the remainder 
of the station? 


With reference to Section 3.4, did the manufacturers take part 
in the pre-test discussions on precautions for safeguarding the — 
plant, and did either the manufacturers or the C.E.A. examine 
the generator for signs of stress after the tests? 


* WELBOURN, D. B., FULLER, R. A., and Roperts, K.: P) i ituti 
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In Section 6 it is stated that the normal generator control 
| instruments are inadequate and can give misleading information 
(during unstable conditions. Can the authors state which 
_ instruments, in particular, were misleading or inadequate, which 
: should be replaced and by what form of instrument, and what 
additional instruments they would recommend as standard 
fittings ? 

The very close agreement between the test results and network- 
: analyser studies brought out in the paper by Dr. Busemann and 
| Mr. Casson will give system design engineers increased confi- 
dence in the use of analysers and encourage them to proceed 
| with further studies of system conditions. Nevertheless, the 

tests were made with one generator and one line—a relatively 
: simple arrangement. Are the authors satisfied that similar close 
| results would be obtained for the more complex systems which 
. are normally studied on analysers? 

In a few years’ time the Grid system will, when operated most 
efficiently, at times of light load, consist of large blocks of 
generating plant (e.g. 550MW sets at Thorpe Marsh or the 
1000 MW stations like High Marnham) in Yorkshire and East 
| Midlands connected by long 275kV lines to load centres in the 
‘ South where there will be isolated smaller units of base-load 
nuclear generating plant. Will that system be inherently stable? 
Po the authors feel that the Cliff Quay tests have provided all 
the answers required to make studies of that system, or would 
iney like to make more tests of a similar nature on a more 
| complex network? 

Apparently conflicting statements on generator-transformer 
tap positions are made in Sections 2.2 and 5.3.5. Can the 
: authors comment on this and state whether the tap positions of 
the generator transformer during the tests were selected deli- 
| berately, and if so, can they give the reasons for their choice? 
Further to the steady-state stability tests, do the authors con- 
< sider it possible for steady-state instability to develop with 
lagging power factor at the generator terminals? 

References are made in the paper to the marked effect of the 
< automatic voltage regulators, which were of the type VS. Would 
{ there have been any marked improvement had the authors used 

the faster VSA type or the modern high-speed types now being 
i installed at major power stations? 
Finally, if the tests were repeated, what changes would be 
i made in the test programme or in their organization? 
Mr. D. R. Fenwick: There is no doubt that the tests carried 
out at Cliff Quay have yielded a wealth of information valuable 
to all concerned with power-system design. 

It is disappointing that the micro-réseau analyser has not 
‘shown up too favourably, in that the excessive losses of the 
generator models have led to over-optimistic forecasts. 

When conventional network analysers are employed the 
labour involved in accurately catering for the effect of automatic 
voltage regulators and governors is considerable and discourages 
detailed investigations. It would appear that, if further pro- 
gress is to be made in system analysis, it will be necessary to 
employ either digital computers or alternatively large analogue 
computers to obtain more accurate system representation. 

Test No. 1.5 is an example of the over-optimistic forecasting 
of the maximum fault clearance time by the micro-réseau, whilst 
reference to Fig. 5 indicates that, in this case, resynchronization 
was due to the combined action of the governor and the auto- 
matic voltage regulator. It is noted that the oscillation subse- 
sent to pull-in was not damping out, and I suggest that this is 
éae to a combination of the rising prime-mover input together 
with the falling rotor current as it approaches its final steady-state 
yilue under the control of the automatic regulator. 

Mr. H. C. Ogden: The paper by Dr. Last and Messrs. Mills 
ead Norris shows the immense amount of work which has to 
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be put into the organization of tests of this nature, and also the 
care which was taken to maintain an uninterrupted supply to 
consumers. 

Do the authors consider that the provision of rotor-angle 
indications as a standard in large power stations would be 
justified in the light of past experience and future expectations? 

The paper by Dr. Busemann and Mr. Casson refers to ample 
time being available for corrective action to be taken by hand. 
I would stress that what is ample time to a man standing by the 
control panel waiting for an expected event to take place is far 
from ample under day-to-day operating conditions, when the 
need for action arises suddenly and unexpectedly and when the 
operator may be following a completely different train of 
thought and also may be some distance from the control point. 

With regard to steady-state stability, in the Yorkshire Division 
we carried out some experiments last year at Ferrybridge on the 
effect on the reactive output of a machine of varying the busbar 
voltage. The results showed that saturation played a significant 
part in modifying the voltage/reactive-power characteristics, and 
they supported the suggestion in the paper that the reciprocal 
of the short-circuit ratio should be used in the calculations, rather 
than the unsaturated synchronous reactance. 

Finally, I understand that in Russia large machines are put 
on load without synchronizing. Would the authors give their 
opinion on the possibility of this practice being adopted in this 
country ? ; 

Mr. P. Richardson: With reference to Section 1 of the paper 
by Dr. Busemann and Mr. Casson, an increase in short-circuit 
ratio which necessitates a larger air-gap merely results in an 
increase in frame size. 

In Section 2.3, reference is made to the rotor slipping. Surely, 
at the time considered, the rotor is still in synchronism with the 
system and the rotor centre-line is merely advanced. 

With reference to Section 6.1, I stiil consider that stability 
charts should be prepared on a basis of synchronous reactance, 
so that the known margin makes some allowance for instrument 
errors, etc. 

_The last two sentences in the penultimate paragraph of 
Section 6.4 appear to be contradictory. In the first of them, it 
is stated that with a low slip the rotor current corresponding to 
the torque must have found a low-resistance path in the damper 
winding and the steel. The slip conditions after transient faults 
must be very similar to those mentioned in the foregoing sentence, 
but the authors state that this low-resistance path is not available 
after transient faults because the penetration of alternating 
current in the steel depends on frequency. When excitation is 
removed from a synchronous generator, the slip is appreciably 
less with the field circuit closed than with it open, thus demon- 
strating that a large proportion of the machine flux links with the 
rotor winding. 

Under working conditions, the flux density in the rotor may 
result in a permeability of about 30, i.e. less than the 1000 
assumed, and the depth of flux penetration may be 5 or 6 times 
greater than the figure given in Table 10. The flux therefore 
penetrates below the rotor slots when considering asynchronous 
operation. If the flux were confined to a thin layer around the 
surface of the rotor, the flux density would be extremely high, 
and the effective permeability may well be down in the region of 
single figures. I suggest that Table 10 is most misleading. 

Mr. T. Wilson: In the past it has been possible to allow one’s 
thinking about stability to be conditioned by the simplifying 
assumptions made in network-analyser studies. It therefore 
comes as a surprise to find that, in the tests in which instability 
occurred, resynchronization was effected so readily. It would 
be interesting to know whether this behaviour is likely to be 
typical. On the basis of Table 10 in the paper by Dr. Busemann 
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and Mr. Casson, the authors rule out the possibility of damping 
by rotor eddy-currents being effective after a transient fault. Is 
there any other evidence to support this conclusion ? 

Mr. W. E. Park: Fig. 18 and Section 6.4 of the paper by Dr. 
Busemann and Mr. Casson refer to asynchronous operation of 
the test generator with open field circuit. I should like to have 
more information on the operating conditions. It may not be 
sufficiently realized that when a synchronous generator has its 
excitation gradually reduced it eventually falls out of step and 
pole slipping occurs accompanied by surging. When the excita- 
tion is suddenly removed the alternator falls into the condition of 
an asynchronous or induction generator. This usually happens 
smoothly and the machine continues to carry its power output 
while operating at a leading power factor, i.e. it draws its mag- 
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netization from the system. There is some reduction in terminal | 


voltage, but apart from the trouble of rotor heating by currents 
in the rotor iron, it may be capable of continuing in this condition 
for a length of time which must be decided by those on the spot. 
The latter point is mentioned at the end of Section 6.4. 


The test results indicate that the governor of the machine was } 
apparently in very good order, and this is supported by the film } 
One feels that not every 


showing the governor in action. 
governor would show this degree of control, and that therefore 


the expectation of performance should be accepted in general } 


with some caution as representing the optimum performance. 


[The authors’ replies to the above discussion will be found on | 


the next page.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE UPON TYNE, 10TH MARCH, 1958 


Mr. G. W. B. Mitchell: We seem to have been lucky with 
network-analyser calculations in the past, as various factors 
which have commonly been ignored tend to cancel out. As 
indicated in Section 3 of the paper by Dr. Busemann and Mr. 
Casson, some of these factors tend to worsen transient stability, 
e.g. flux decay, and others to improve it, e.g. the action of voltage 
regulators, damping and additional losses. Governor action 
can, however, be ignored during the first swing. 

The authors mention the very interesting point, which has not 
been generally appreciated in the past, that under transient 
conditions, heavy initial losses in the alternator actually cause 
deceleration for a brief period. Since the Cliff Quay tests, this 
factor has been verified on miniature machines in a laboratory, 
and the phenomenon agrees with Concordia’s theory that heavy 
initial losses will occur in the field and armature circuits. 

It was understood after the tests that the micro-réseau results 
would be carefully checked with a view to determining why 
there were certain significant differences between these and the 
test results, and the authors mention that the micro-réseau 
studies did not properly represent losses, damping and governor 
action. Could they amplify this statement and also state 
whether this represents the whole story. If not, what other 
factors were concerned ? 

The position on steam governors is not as satisfactory as that 
for regulators, and I have always found it difficult to obtain 
reliable information about governor performance from the 
manufacturers. 

The ideal governor would instantly adjust itself at all times to 
maintain a true balance between steam input and electrical 
output plus losses. This could obviously be best achieved 
electrically, and I suggest that the time is ripe for a concentrated 
attack on the problem. As indicated in Section 5.3.4, there will 
always remain some time lag, owing to the need to operate steam 
valves and the effects of entrained steam, but the overall response 
could, nevertheless, be considerably improved. 

In making network-analyser studies it should be possible, with 
up-to-date knowledge, to assume a figure for the reduction in 
voltage behind transient reactance, and it would seem that such 
an assumption would alone almost compensate for the fact that 
ordinary analyser studies tend to be optimistic. 

I have thought for many years that operators and machine 
designers have been unduly apprehensive about leading-power- 
factor and asynchronous operation and pole slipping. Pole 
slipping is certainly alarming to operators who are not used to 
it, as the panel instruments ‘go quite mad’. However, the tests 
at Cliff Quay, and the subsequent tests which have been carried 
out in the north-east, should give everyone a great deal more 
confidence. 

Have the authors arrived at any general conclusions on the 
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behaviour of salient-pole alterriators and hydro-electric sets 
under similar circumstances ? 

Mr. F. H. Birch: Although stability has seldom been a problem 
in this country, the incentive to reduce the capital cost of 


generating plant, coupled with more complete knowledge of the » 


performance of alternators in the under-excited region, is likely 
to result in a reduction in machine short-circuit ratio and the use 


of high-speed continuously-active voltage regulators to improve | 


stability. With the advent of computers, the most economical 
operating solution will probably lie in the direction of keeping a 
closer watch on stability margins than hitherto, in order to enable 
smaller margins to be employed with safety. 

In view of the important part played by the governor and the 
voltage regulator under abnormal system conditions, it would 


now seem opportune to develop a single control mechanism for | 


the turbo-alternator which would take into account, not only 
speed and terminal voltage, but also power angle and possibly also 
power and reactive outputs. The anticipatory performance of 


such a mechanism would be improved by supplying it with rate ° 
Such a step clearly — 
calls for replacement of the present oil servo governor by an | 


of change of speed, voltage and rotor angle. 


electric mechanism. 
With reference to Fig. 18 of the paper by Dr. Busemann and 


Mr. Casson, tests of asynchronous operation carried out more * 


recently on a 60 MW machine have shown that at two-thirds 
full load the slip with a field discharge resistor connected was 
70% of the slip with the resistor disconnected. The latter figure 
agrees closely with that shown in the Figure. 

Mr. G. Lyon: These tests provide a most valuable comparison 
with theoretical analysis, and I am sure that the results will be 
consulted for many years. 
prospect have been mentioned and I hope that these will soon be 
completed and reported. Engineers concerned with oversea 


Other tests already made or in © 


rs 


—<— 
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systems would particularly welcome test results covering salient- - 


pole machines. 

The paper by Dr. Last and Messrs. Mills and Norris deals 
with the organization of the tests, and I feel that the importance 
of that aspect must be emphasized. The value of adequate 
preparation was amply demonstrated during the tests, not only 
in terms of the test results, but also in avoiding risk of damage 
to the plant and significant disturbance to consumers. The 


number of faults permitted (eight) was naturally much less than — 


would be desirable academically for obtaining precise stability 


micro-réseau results led to the choice of switching times further 
from the real critical value than one might have wished, but 
the results indicate the relative accuracy to be expected from 
the two methods of calculation. 


limits, so that the choice of test conditions required considerable — 
The disparity between some of the analyser and — 
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Were any of the network analyser and micro-réseau studies 
repeated using the actual operating conditions in order to 
obtain a closer check between calculation and test results, and 
if so, with what results? 

What terminal voltage applies in Fig. 16, since both normal 
voltage and 95% voltage charts are mentioned? Furthermore, 
the limit curves apply to particular terminal voltages which 
should be stated explicitly. 

Fig. 10 shows no more than 10% flux decay for normal fault 
durations of about 0:2sec, so that the corresponding errors 
would tend to be less than those shown in Table 7, which is derived 
from decays over times approaching one second (see Fig. 9). 

The equal-area criterion is a useful basis for a comparison of 


THE AUTHORS’ REPLIES TO 


Dr. F. Busemann and Mr. W. Casson (in reply): We are very 
grateful to all who have contributed to a most interesting 
discussion. 

We agree with Mr. Gosland that the individual errors need 
not always cancel out, but the development trend is towards 
shorter rather than longer fault durations so that the conditions 
become more favourable. 

Some of the questions raised by several speakers relate to 
steady-state stability conditions and to the use of continuous- 
acting voltage regulation. Some interesting tests on this aspect 
have recently been carried out on the north-east coast, the 
results of which are to be the subject of a paper, and they should 
give the information required. 

As Messrs. Gosland and Mitchell point out, the conclusions 
of the present tests with respect to resynchronization cannot be 
directly applied to salient-pole generators driven by water 
‘turbines because of the different governor characteristics, and 
further tests on such machines are desirable. 

Further tests on more complicated systems, as suggested by 
Messrs. Whitelegg, Painter and Lyon, are also desirable, but 
they are less urgent because, in our opinion, they are not likely 
to yield a great deal more information. 

The questions of Messrs. Lane, Mitchell and Lyon concerning 
micro-machines have been answered by M. Magnien’s valuable 
contribution, for which we are very grateful. 

We regret with Messrs. Whitelegg and Lyon that, owing to 
the inclusion of micro-réseau values, most of the fault clearing 
times chosen for the field tests differed too much from the 
network-analyser values for a direct comparison. But it is 
hoped that the assessment of the individual errors in Table 7, 
together with the information of Fig. 10, will give network- 
analyser operators a basis for estimating the accuracy of their 
results, both with present techniques and with possible future 
developments which may reduce fault clearing times and improve 
voltage regulators and governors, e.g. by the means suggested 
by Messrs. Welbourn, Mitchell and Birch. 

Mr. Whitelegg’s question as to what practical value of fault- 
clearing time would be acceptable to the system operation 
engineers if the best network-analyser result is 0-36sec cannot 
be answered generally because it depends on so many factors 
affecting the individual case. 

We thank Mr. Fenwick for his interesting study on the 
possibility of raising the steady-state stability limit to power 
angles greater than 90° by continuous-acting voltage regulators, 
which is far beyond the objective of this group of tests at Cliff 
‘Quay. 

Thanks are due to Messrs. Adkins and Vosper for their 
-ontribution; Mr. Vosper has answered also one of Mr. Lyon’s 
questions. 

Messrs. Aylett, Richardson and Wilson’s questions concerned 
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results, but it is not itself rigorously correct so that the relative 
errors given are not true errors. 

It would be useful to publish a plot from the film record 
made of the movement of the governor and steam valves. 

Are the switching over-voltages recorded from the test circuit- 
breakers to be published elsewhere ? 

It appears that the results of the tests, so far as they are 
generally applicable, give a welcome reassurance that the con- 
ventional methods of system design using network analysers 
give acceptable accuracy for normal engineering purposes. In 
the past we have been reasonably confident that these methods 
were sound, but the direct comparison carries more conviction 
than any amount of calculated checking. 


THE ABOVE DISCUSSIONS 


the contrast of the relatively small damping of the after-fault 
oscillations as apparent from the ratio of successive amplitudes 
with the high torque/slip ratio found from the tests with 
asynchronous operation. The contribution of the negative 
damping of the governor is much too small to explain this large 
difference, so that we had to look for another explanation. 
The greatest difference between the two cases seems to be the 
frequency of the eddy currents induced in the rotor by the 
relative velocity (slip) of the rotor with respect to the stator 
flux which is stated in Table 10, col. 1. The effect of frequency 
on the depth of penetration of these eddy currents is illustrated 
by the figures in col. 3. These have been obtained with the 
permeability shown, which was chosen only to illustrate the 
point. Other permeabilities as suggested by Mr. Richardson 
would give other depths of penetration, but the relative ratio 
of the values for 1 c/s during after-fault oscillations to those for 
one cycle in 6-36sec during asynchronous operation would 
remain the same. 

We thank Mr. Powell for pointing out that his records show 
a small initial swing-back due to braking before acceleration 
during fault. Comparison with the micro-réseau results, where 
the braking effect was much greater, shows that the influence on 
the stability is relatively small at full scale. One reason why 
Fig. D (ii) differs from the actual result is probably neglect of the 
ohmic losses in the generator and transformer and of the move- 
ment of the system busbar voltage. The question of how H was 
measured by the manufacturers is outside the scope of the paper. 
We wholeheartedly agree with Mr. Powell that costly analyser 
studies should not be made in cases where results can be obtained 
in half an hour by simple approximations. 

We thank Mr. Miles for his interesting note on the use of 
differential analysers for the study of voltage regulator and 
governor effects, and of transient stability conditions with 
consideration of the second and third swing. 

The taps used in the field tests were decided by the station 
operators in accordance with normal practice at Cliff Quay. 
Section 2:2. refers to steady-state stability conditions, and the 
note on taps was meant as a guide to operators of generators 
without voltage regulators. Section 5.3.5 deals with transient 
stability and concerns the difference in the fault-clearing time 
limit that would occur if the transformer ratio used in practice 
differed from that assumed on the network analyser. 

Steady-state instability with lagging power factor at the 
generator terminal is possible when the generator feeds a distant 
‘infinite busbar’ over a high reactance. 

Mr. Painter’s interesting question whether there would be any 
changes if the tests were repeated would probably be answered 
differently by everyone concerned with these tests. Taking the 
test programme as a whole, there would probably not be much 
change, since tests on this scale are always a compromise between 
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many different interests. But many things have been learned 
about details which would enable improvements to be made on 
future occasions. 

We agree with Mr. Ogden that what appears to be ample 
time in a staged test is not available in service conditions when 
instability occurs unexpectedly. It is gratifying to note that the 
steady-state stability-limit results found at Ferrybridge differ 
from theoretical calculation in the same way as those found at 
Cliff Quay. 

Mr. Ogden asked our opinion about the acceptability of 
putting machines on the system without synchronization as the 
normal procedure. Our reply is that where the short-circuit 
level at the point of connection to the system is high the effect of 
exciting the machine field will only result in a small drop in 
voltage. Therefore this operation could be accepted as a normal 
procedure. Where the short-circuit level is relatively low the 
voltage drop might cause some difficulties, and the operation is 
not acceptable as a normal procedure. 

Mr. Richardson’s formulation confirms the interesting fact 
that even such an invisible thing as a larger air-gap costs money. 
We agree with his suggestion to go on using performance charts 
as calculated at present with the unsaturated value of synchron- 
ous reactance, and so to enjoy the benefit of a sound margin of 
safety. 

The asynchronous operation of the test generator was as 
smooth as in the second case described by Mr. Park. In reply 
to Mr. Lyon, the terminal voltage for Fig. 16 is 95%. The 
conditions of Table 7 correspond to test 1.6 in Fig. 9 with a 
fault duration of 0-32sec. 

Dr. F. H. Last and Messrs. E. Mills and N. D. Norris (in 
reply): For brevity we shall reply to the discussion by subjects 
rather than deal with each speaker individually. 

Co-operation of Staff and Order of Procedure.—The co- 
operation of staff at all levels is essential. Once the objectives 
were agreed, meetings were held between representatives of all 
departments concerned, particularly the operational staffs. 
Details were evolved at subsequent departmental meetings at all 
levels. This was the key to success. It will be appreciated that 
generalization for large-scale tests is impossible. 

Cost.—The cost of system investigations can be minimized by 
careful planning and timing. The first requirement is to safe- 
guard consumer supplies, and the running of spare generating 
plant is often essential. The plant, which has a high capital 
value, must be safeguarded. To economize in these two respects 
would be dangerous. 

Manufacturers’ Interest—The manufacturers of the plant 
involved were consulted on the proposed programme, which 
was modified following their observations. Their co-opera- 
tion in examining the plant afterwards was reassuring and was 
appreciated. 

Subsidiary Investigations —The response of manufacturers to 
invitations to carry out subsidiary investigations during fault and 
unstable conditions was disappointing. One protective-gear 
manufacturer gained valuable experience on distance protection. 
The organizers tried, unsuccessfully, to obtain a more modern 
type of voltage regulator. However, several different methods of 
rotor angle measurement were used by the C.E.A. and by the 
Imperial College of Science and Technology. The Post Office 


measured earth-system voltage rise, and the E.R.A. measured 
switchgear restriking voltages. 

Auxiliary Supplies —Electrical supplies which affected the 
performance of the machine were taken from a unit transformer 
connected to the stator terminals. All other electrical auxiliary 
supplies were taken from a station transformer. 

Provision for and Control of Visiting Staff—It was considered 
beyond the scope of the paper to detail the arrangements for 
accommodating, controlling and caring for about 100 engineers 
engaged on and witnessing the tests. The necessity of adhering 
to a prearranged programme is reaffirmed. 

Recording during the Tests—Recordings which did not 
require processing were very valuable, and the development of 
accurate records which are immediately available should be 
encouraged. This would reduce the time and cost of system 
tests. Power engineers are too conservative in recording 
methods, and the use of multi-channel aeronautical techniques 
should be encouraged. 

Panel-Instrument Performance.—These instruments give an 
alarming picture of the conditions on an unstable machine. 
The field-current ammeter is the only useful instrument. 

Rotor-Angle Instruments.—These instruments would be valu- 
able at stations where instability is possible, particularly on 
large sets. Two indications are recommended—one to show 
the rotor angle on a dial, and the other a chart record, which, 
during disturbed conditions, will show the trend away from or 
towards stability. The control. engineer will know whether 
corrective action is effective. An installation will be tried when 
minor difficulties of fouling the rotor reference point are over- 
come. An oscillograph display is not favoured, and indication 
of trend is considered the essential requirement. 

Resynchronization.—The statement that almost any generator 
in Great Britain will resynchronize, regardless of fault duration, 
is not accepted. Experience does not confirm this. Systems 
often do not operate in the way they are designed; one or more 
trunk feeders may be out of service for maintenance reasons or 
for faults during bad weather conditions. A suggestion of 
attaching less importance to rapid fault clearance is deprecated. 

Switching of Machine with Unexcited Rotor.—The proposed 
programme included switching an unexcited machine to the 
system with subsequent field restoration, but this was sub- 
sequently deleted by the organizing staff. 

Machine Performance.—It has been incorrectly inferred that 
the machine was prepared for the tests and the results were 
therefore not representative. The machine had been in con- 
tinuous operation for nearly 12 months prior to the tests. The 
satisfactory operation of the overspeed trip was the only prior 
check. 

Staff Training —The paper proposes staff training to correct 
generator instability. This should be done with running plant 
and not simulated. Correction is not just a matter of increasing 
field, as some speakers believe. Load reduction is often 
necessary as well. The operating engineer has to consider 
mechanical stresses, excessive rotor and stator temperature 
rises, fluctuating auxiliary supplies, and the reflection of large 
currents on to an already heavily-loaded transmission system. 
It is easy to theorize on the correction of instability, but an 
operator who theorizes with unstable plant may well court disaster. 
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A FERROMETER FOR THE DETERMINATION OF THE A.C. MAGNETIZATION 
CURVE AND THE IRON LOSSES OF SMALL FERROMAGNETIC SHEET SAMPLES 


By Professor H. BLOMBERG, D.Sc., and P. J. KARTTUNEN, M.Sc. 


(The paper was first received 21st February, and in revised form 21st October, 1957. It was published in January, 1958, and was read before 
the MEASUREMENT AND CONTROL SECTION 11th March, 1958.) 


SUMMARY 


The paper describes the design and properties of a ferrometer 
for measuring small (about 30mm x 200mm) ferromagnetic sheet 
samples. 

The test specimen is magnetized by an open-ended coil fed with a 
sinusoidal voltage, and the variation of magnetic flux with time 
remains practically sinusoidal up to 1:4Wb/m2. Feedback amplifiers 
and rectifiers are employed to deal with the electromotive forces 
proportional to the time derivatives of the field strength and fiux 
density in the test specimen, which are induced in the pick-up coils, 
in such a way that the peak values of field strength and flux density 
can be read directly from moving-coil milliammeters and the iron losses 
from a wattmeter. 


The measuring ranges of this instrument are: 
Frequency: 50-250c/s. 
Field strength: 0-002—500 amp/cm when f = 50c/s. 

0-000 4-100 amp/cm when f = 250c/s. 

Magnetic flux density: 0:0004-10 Wb/m2 when f = 50c/s. 
0:00008-2 Wb/m2 when f = 250c/s. 

Iron losses: 8 x 10-85 x 103 watts/kg when f = 50-250 c/s. 
Cross-section of specimen: 440 mm2. 


The measuring ranges of field strength and magnetic flux density 
are dependent on frequency, and owing to the design of the instrument, 
the measuring ranges of the different quantities are partly also mutually 
dependent. In consequence, part of the above-mentioned measuring 
ranges have no practical significance (e.g. 10 Wb/m2 when f = 50 c/s 
and 5kW/kg). 


LIST OF PRINCIPAL SYMBOLS 


A = Loop gain at nominal frequency. 
Are = Area of cross-section of the test specimen. 
B = Instantaneous magnetic flux density. 
Bmax = Peak magnetic flux density. 
C = Capacitance. 
H = Instantaneous magnetic field strength. 
Hnax = Peak field strength. 
I = R.M.S. current. 
He — Benet: 
M = Instantaneous magnetic potential. 
N = Number of turns of a coil. 
P= Power. 
Py. = Iron losses. 
R = Resistance. 
Ti f-*, 
V =R.MLS. voltage. 
f = Frequency. 
i = Instantaneous current. 


k = Constant. 
1 = Length. 
t = Time. 


v» = Instantaneous voltage. 


Prof. Blomberg is Professor of Electrical Engineering, and Mr. Karttunen is in the 
4ectrical Engineering Laboratory, of the State Institute for Technical Research, 
‘inland. At the meeting the paper was read by Prof. F. Brailsford, Ph.D., B.Sc.(Eng.). 


Av = Instantaneous value of the actuating signal to an 
amplifier. 
@® = Instantaneous magnetic flux in the test specimen. 
Oy = Instantaneous magnetic flux in the wattmeter core. 
o« = Instrument reading. 
ws, = Angular shift between the H,, and B, waves. 
[go = Permeability of vacuum. 
p = Density of the material. 


(1) INTRODUCTION 


In 1945 the Electrical Engineering Laboratory of the State 
Institute for Technical Research (Finland) examined the problem 
of designing a laboratory ferrometer which would provide a 
simple method of measuring the magnetic properties of small 
ferromagnetic sheet samples. The basic physical relations 
chosen as a Starting-point are well known and have frequently 
been applied in practice. For example, the instrument designed 
by Shenk! was probably the first direct-reading and absolutely 
calibrated device for the measurement of iron losses. Conse- 
quently, the paper does not present any fundamentally new 
method of measuring the magnetization curve and the iron 
losses, but only such applications and solutions as arose from 
the design work. The first measuring instrument was completed 
in 1950, and the second, improved, type in 1952. Although 
primarily designed to accommodate only small sheet samples, 
the magnetizing equipment and pick-up coils of the instrument 
may readily be modified to allow measurements on whole 
transformer and dynamo sheets. 

The design of the measuring device emerged from the intention 
to prove the practical feasibility of the measuring principle 
presented in the following. Several design details had to be 
chosen rather arbitrarily, in order that the quantitative details 
could be approached and the difficulties encountered in the 
practical application of the principles could be found out. The 
main problem of the first prototype was the building of a satis- 
factory magnetizing device and the stabilization of the amplifiers. 
It was found that the magnetizing device containing an iron core 
was not satisfactory and that the stability of the amplifiers was 
poor. In the second model, which is described in the paper, 
the magnetizing device and the stability of the amplifiers were 
improved, and some details contributing to greater versatility 
were added. However, this model, too, is still in the prototype 
stage in several respects. It was impossible to investigate all 
detail aspects, and it is quite obvious that the measuring accuracy 
of the device can be improved and its design can be further 
simplified. 

(2) PRINCIPLE OF OPERATION 


A simplified diagram illustrating the operation principle of 
the ferrometer is given in Fig. 1. 

The e.m.f. proportional to dB/dt, which is induced in the 
B-coil surrounding the homogeneously magnetized test specimen, 
is fed into an amplifier of very high input impedance, which 
produces an output current proportional to the input voltage 
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Test specimen 


B-amplifier 
Moving coil 


inetizing coil 
Feed back coil 


\_H amplifier 


Fig. 1.—Schematic showing the principle of operation of the 
ferrometer. 


at any time. The amplifier output current passes through the 
moving coil of a wattmeter, is rectified and fed to a moving-coil 
instrument, where it produces the deflection 


Gama StCOUSl a Dieta. a ee Sate CL) 
The e.m.f. proportional to dH/dt, which is induced in the 
Rogowski-type H-coil, is similarly amplified, and the rectified 
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output current of the amplifier is measured with a moving-coil 
instrument, which shows the deflection 
Oh maze EF COUStss I peae ee e 
A voltage proportional to the output current is also fed to 
an integrating amplifier, the output of which is the magnetic 
flux in the air-gap of the wattmeter; it is thus proportional to H. 
The wattmeter deflection will then be 


&pre = const. X spuds == Const, X LP x5. meas imce) 


Eqns. (1)-(3) apply independently of waveform, provided 
that the e.m.f.’s generated in the pick-up coils retain the same 
sign during their half-cycles—a condition which is satisfied in 
this case. If, however, as is necessary in practice, only the iron 
losses corresponding to the fundamental frequency are required, 


the time variation of flux density must be sinusoidal. The iron ~ 


losses corresponding to sinusoidally changing flux density will 
then be obtained directly in terms of the peak density. 

It is also possible in the device described to superimpose upon 
the magnetizing field a d.c. component whose magnitude can be 
arbitrarily adjusted by calibration (see Section 3.3). 


(3) CONSTRUCTION OF THE FERROMETER 


In addition to the Hijgx, Bma, and Pr. measuring instruments, 
the device includes an adjustable 50c/s source of power for the 


~ dH/dt 


— 


LF stabilization 
feedback 


Ay, 


50 c/s sinusoidal 
sweep 


Fig. 2.—Simplified circuit of the ferrometer. 


The following abbreviations are used: 
u, microfarads. 
p, picofarads. 
M, megohms, 
k, kilohms. 
Numerals alone, ohnis. 
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a.c. Magnetization, a calibrating unit for the d.c. component of 
the magnetic field, a small cathode-ray oscillograph and the 
necessary power packs. With the exception of the power supply, 
the connections of these units and the routing of the different 
quantities in the ferrometer are seen from the simplified circuit 
diagram, Fig. 2. 


(3.1 Magnetization of the Test Specimen 


The magnetizing device has two coils, and it is possible to 
magnetize the test specimen with a pure a.c. field or with a d.c. 
component of controllable magnitude superimposed upon the 
a.c. field. As can be seen from Fig. 3, the magnetic circuit 


A.C and DC magnetizing_coils 


N-=1000 N= 1000 


+ 


+ 


H-coil ( Ue LE LIAR 
4 6 


Test specimen 


Sess 

Sess = = 
B-coils 

Compensating coils 


Ome (2a OC? 


Fig. 3.—Design of the magnetizing and pick-up coils. 


H-coils 2-5: ~ 6600 turns total. Mean area per turn: ~0:47 cm2, 
Coils 1 and 6: ~ 2000 turns total. 
B-coils: 
Bmaz Tange, Wb/m2 No. of turns 
0-02 1000 
0-1 200 
0-5 40 
2 10 
10 2 


contains no iron, except for the test specimen of about 30mm x 
200mm. This method of magnetization was chosen for the 
following reasons: 

The section employed in the measurement is relatively homo- 
geneous, as can be seen from the axial variation of flux density 
(Fig. 4). Although, for instance, the 1Wb/m* curve shows a 
deviation of about 2°3% at the boundary of the measuring 
section from the mean value of density which the ferrometer 
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Fig. 4.—Relative distribution of the magnetic flux density in the test 
specimen (0-5 mm thick, 2:2% silicon). 
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measures, the error due to inhomogeneity at the corresponding 
a, of the Bax = £(Hingx) curve will not be more than about 

When the magnetizing coil is fed with a sinusoidal voltage, the 
flux-density curve of the test specimen is relatively sinusoidal up 
to 1-4Wb/m? (Fig. 5). Fig. 54 shows some dB/dt and dH|dt 


dB/at = (4) dH/dt = f(t) Bmax 
4Wb/m? 
aq 
s Form factor #44 
iS 
é i SU fe 14 Wb? 
ae 
Ss form factor 416 
S 
< form factor 3-2 
> 
Re 
AS- Ape 1 Wb/m? 
S form factor 444 
5 
NG A No AA fis 15 Wb/m? 
Ss 
%, 
E Form factor 423 
s 
4t_-t ff 19Wb »/m?. 
form factor 23 


Fig. 5a.—dB/dt and dH/dt curves for test specimens of 0:4mm 
Permalloy B and 0:-4mm 3:4% silicon; f = 50c/s. 


curves obtained by measurement, and Fig. 5B shows the ampli- 
tude relationships of the harmonics and fundamental wave of the 
B-curve. 

The 50c/s magnetizing current is supplied by the voltage 
source in the ferrometer (Fig. 2). The possibility of external 
feeding is provided for the achievement of any arbitrary a.c. 
magnetization at frequencies between 50 and 250c/s and for d.c. 
magnetization superimposed upon the a.c. field. 


(3.2) Pick-Up Coils 
(3.2.1) H-Coils. 

In theory, all H-coils should be as thin as possible and uni- 
formly wound, and the coil ends should be pressed tightly 
against the test specimen. Since the manufacture of such coils 
is difficult in practice, each of the three identical H-coils placed 
parallel to one another is of the design shown in Fig. 3. The 
transverse parts 1 and 6 account for the change of the magnetic 
potential in the radial direction, the distance between the test 
specimen and these coils being about 1mm. Coils 1 and 6 
cannot be placed exactly at the ends of the axial coil, but must 
be displaced outwards by about 5mm, giving rise to an error of 
about 0°5°% in the measurement of field strength. The axial 
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Fig. 58.—Amplitude ratio of the harmonics and fundamental of the 
flux density, dependent on its peak value; f = 50c/s. 
Test specimen 0-5mm, 2:2% silicon. 


—-—. Test specimen 0:4mm, 3'4% silicon. 
——--— Test specimen 0:4 mm, Permalloy B. 


coil has further been divided into four separate sections in order 
to reduce its self-capacitance. 


(3.2.2) B-Coils. 

The flux in the air space between the B-coil and the test speci- 
men has been compensated with the aid of a coil which, placed 
beside the pick-up coil proper (Figs. 3 and 6), cancels the entire 


Compensating coil 

Non-magnetic_core 
B-coil 

Test specimen 


A.C. field 


~aB/at 
Fig. 6—Compensated B-coil. 


flux present in the B-coil when there is no test specimen. Thus, 
strictly speaking, the instrument does not indicate B,,,,, but 
Bmax— MoH max; however, this is of very slight significance and 
has no effect upon the losses, since over-compensation occurs 
only with regard to the loss-free component. In order to provide 
several B,,,,. measuring ranges, there are five B-coils, the com- 
pensating coil being tapped appropriately. The placing and the 
connections of the coils are seen from Figs. 2, 3, 10 and 11. 


(3.3) Calibration of the D.C. Component of the Magnetic Field 


The H,,ax instrument cannot be used to measure the d.c. 
component of the field, which requires separate calibration, as 
follows. First, to the d.c./a.c. calibration coil is fed an alter- 
nating current such that the measuring instrument with a.c. 
magnetization indicates an H,,,, Or By, value equivalent to 
the desired d.c. component. The coil is then fed with a direct 


current equal to the peak value of the alternating current applied. 
The d.c. magnetization will then—at least approximately— 
correspond to the Hynay OF Bax Value indicated. ‘o- 

Fig. 7 shows the principle of the peak-current measuring instru- 


DC. coil 


Y-amplifier output 
To Y-deflection plate 


(a) 


(b) 
Fig. 7.—D.C. magnetization calibrating circuit. 


The following abbreviations are used: 
u., microfarads, 
p, picofarads. 
M, megohms. 
k, kilohms. 
Numerals alone, ohms. 


ment with both d.c. and a.c. operation. Switch 52 and voltage- 
divider 53 are used to adjust the measuring shunt connected in 
series with the magnetizing coil so that the input of the peak- 
measuring instrument, v;, assumes a suitable value. The voltage 
v; is rectified by means of a series-connected diode and an RC 
circuit with a time-constant of 10sec. The resulting direct 
voltage, V,, proportional to the peak value of the magnetizing 
current controls the EF42 pentode, which has an alternating vol- 
tage superimposed upon its suppressor-grid bias; its a.c. output, 
Vo, is thus dependent on the control-grid voltage, V, [Fig. 7(d)]. 
The direct voltage V2, which determines the (V; = 0) point of 
the EF42 valve, is sufficiently high that, at operation on the high 
dV /dV, section of the characteristic, even relatively small 
changes in V; have a marked effect upon Vo [Fig. 7(b)]. Vo is 
indicated by a cathode-ray tube when switch 7 is in position 
‘D.C. CAL.’ (full clockwise position). The position of the measuring 


The trace produced 
<| — by the beam 


The mark 
on the screen 


Fig. 8.—Use of the cathode-ray tube in calibrating the d.c. 
magnetization. 
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Himox 


Fig. 9.—Schematic showing the principle of operation of the Hynax 
measuring instrument. 


kdH|/dt = (A + 1)Av; Adv = i’Ryg. 
Hence ig « dH/dt when 4 > 1 


shunt (52, 53) is the same for both a.c. and d.c. measurement; 
it is adjusted for a.c. measurement so that the vertical line pro- 
duced on the cathode-ray-tube extends to the mark made on the 
screen (Fig. 8). 


(3.4) Hingx Measuring Instrument 


Fig. 9 shows the principle of operation of the negative-feedback 
A max Measuring amplifier, and Fig. 10 shows its circuit diagram. 

The measuring range is changed potentiometrically by 
adjusting the feedback resistor Rry. Simultaneously, the gain 
of the amplifier is adjusted so that the loop gain A (Fig. 9) 
remains approximately constant, i.e. at 400, with the exception 
of the most sensitive A,,,,, measuring range, 0:1 amp/cm, where 
A = 200. On the basis of the resistances given in Fig. 10 and 
of the loop gain 4 = 200 it is easy to establish that the voltage 
gain from the grid of the first stage to the point between the 2 uF 
condenser and the 20 kilohm resistor in the output stage is about 
1-2 x 10° in the 0-1amp/cm position. At full-scale instrument 
deflection, 0:-S5mA, the reference input voltage will be about 
2-6mvV. 

For the ranges 0:1 and 0:5amp/cm all H-coils are used, but 
for the other ranges only that in the centre of the test specimen 
is required. 

The error of between —0-3 and —0-5% caused by the internal 
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consumption of the rectifier has been allowed for by shifting the 
zero point of the instrument about 0-3°% up-scale. 

As a result of the high feedback factor, no other precision 
components are required in the circuit, apart from the feedback 
potentiometer Ryy and the voltage-divider R,, and R3y. 

The output stage of the amplifier must be adequately dimen- 
sioned so that it can also provide the peaks of the dH/dt curve. 
In this circuit the amplifier is capable of delivering a current 
peak equivalent, at 50c/s, to about seven times the full-scale 
deflection of the moving-coil instrument. 

To eliminate high-frequency oscillations the amplifier has 
been stabilized with the branches R;C,, Ry»C, and R;C3. Stability 
against low-frequency oscillations has been achieved by feeding- 
back of the triply integrated output voltage to the second 
amplifier stage. The l.f. stabilizing branch consists of the passive 
components Ry-Ro, Cs-Cg and the pentode EF42. 

The accuracy of the amplifier is +0-25°%% and that of the 
moving-coil instrument and rectifier together is +0-75°%; hence 
their combined accuracy will be +1°% of the full-scale deflection. 

The instrument has been calibrated at 50c/s. At other mag- 
netizing frequencies, f;,, its reading must be multiplied by the 
correction factor 50/fr, [cf. eqn. (2)]. 


(3.5) Bmax Measuring Instrument 


The B,,q, Measuring amplifier operates on the same principle 
as the H,,,,, instrument, and its circuit is shown in Fig. 11. The 
measuring range is changed with switch 2, which connects the 
desired B-coil to the control grid of the first amplifier stage. 
Part of the voltage drop igR, proportional to the cross-section 
of the specimen is fed back, i.e. the voltage k,Ap,igRp = ipRep, 
which, to a high degree of accuracy, is equal to the e.m.f. induced 
in the B-coil; this gives 


k,ApipRp — kA -dB]dt 
iz =e k3dB/dt . . . . . ° (4) 


The reading of the B,,,, instrument is thus directly propor- 
tional to the peak magnetic flux density, provided that the feed- 
back has been adjusted to a value corresponding to the area of 
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Fig. 10.—Circuit of Hjnax amplifier and measuring instrument. 
Hymaz at fa —50 cls. 


Connection (S;) 


Full-scale deflection, amp|cm 
1 (uppermost position) “1 
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The following abbreviations are used: 


wu, microfarads. 

p, picofarads. 

M, megohms. 

k, kilohms. 

Numerals alone, ohmis. 
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Fig. 11.—Circuit of Bax amplifier and measuring instrument. 


Connection (s2) Full-scale deflection, Wb/m2 
(G; 


1 (full clockwise position) ontrol 
2 0-02 
3 0-1 
4 0-5 
5 2-0 
6 ‘0 


10 
Cross-section setting: 4-40 mm2 (S¢; and S62). 


cross-section of the test specimen. This area is generally 
determined on the basis of the weight, length and density of the 
specimen. 

The error due to the internal consumption of the rectifier is 
allowed for in the same way as in the H-amplifier. No other 
precision components are required in the amplifier, apart from 
the resistors determining the wattmeter constant and the feed- 
back. Stabilization has been achieved in the same way as in the 
H-amplifier. 

Dimensioning and current reserve of the amplifier are the 
same as those of the H-amplifier. The sensitivity of the amplifier 
is highest at the smallest cross-section setting. With full-scale 
meter deflection, 0-5mA, the reference input voltage is about 
18mV. However, the power output of the amplifier is insuffi- 
cient, for instance, with dynamo sheet densities of 1 -8—1-9 Wb/m2 
when the measuring range 2 Wb/m? is used. It is better in such 
a case to employ the 10 Wb/m? range or a higher cross-section 
setting. 

The combined accuracy of amplifier and instrument is about 
+1% of the full-scale deflection. 

The instrument has been calibrated at 50c/s. At other mag- 
netizing frequencies, f;, its reading must be multiplied by the 
correction factor 50/7 [cf. eqn. (1)]. 


kdH/at j 
k,db,,/dt 


Fig. 12.—Schematic showing the principle of operation of the Pre 
measuring instrument. 


The following abbreviations are used: 
u., microfarads. 
Pp, picofarads. 
M, megohms. 
k, kilohms. 
Numerals alone, ohmis. 
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Fig. 13.—Circuit of the Pr, measuring instrument. 


The following abbreviations are used: 
u., Microfarads. 
Pp, picofarads. 
M, megohms. 
k, kilohms. 
Numerals alone, ohnis. 


(3.6) Pre Measuring Instrument 
Bigs) illustrates the operating principle of the integrating 
Pre measuring amplifier, and Fig. 13 shows its circuit diagram. 
The feedback voltage is the e.m.f. induced in coils wound on 
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the pole shoes of the wattmeter, and is very closely proportional 
to the time derivative dDy/dt of the flux in the air-gap of the 
_ wattmeter. The input voltage being proportional to dH/dt, we 
| may write 


do 


d® 
ie, a ky us 


ap AY 


' With a high feedback coefficient, i.e. when 


dOy 
ky dt > Ao, 
| we have 
dH dD 
| eee Sap ese aL 
Yat fp dt 
(Or Oy < H Meri wea es (5) 


The flux in the wattmeter air-gap will thus be proportional to 
the field strength in the test specimen. The instrument is a 
| fluid-damped spotlight-type instrument with a light-beam pointer 
( 60cm long. 

The sensitivity of the Pr, measuring instrument will be 
( Gependent on the B,,,, and H,,q, Tange settings, and on the 
| position of switch 3 (Fig. 2). A table is provided on the cover 
| oz the ferrometer, giving a factor for each H,,,,,. and B,,4, range 
‘combination. This factor has to be further multiplied by a 
| factor C,,, dependent on the position of switch 3, in order to 
: arrive at the final wattmeter constant. 

The Pr, measuring instrument has been calibrated to indicate 
| the iron losses per unit mass at p = 7:6g/cm?. If the sample is 
‘ of another density, the wattmeter reading must be multiplied by 
| the correction factor 7-6/p. 

The class-A push-pull amplifier output stage and the mag- 
| netizing coils are so connected that the d.c. components of the 
| output-valve anode currents produce opposite magnetization, 
' whereas the alternating components are in phase. The mag- 
netic circuit of the wattmeter will thus only carry a magnetic 
flux proportional to the alternating component of the magnetic 
field in the test specimen. However, since it is difficult to make 
the d.c. components of the current cancel out completely, it is 
important that the leakage current of the 2 uF condenser in the 
. output stage of the B-amplifier is sufficiently small. 

The principles of stabilization are similar to those employed 
in the Hq, and B,,,, Measuring instruments. 

When no test specimen is inserted in the magnetizing device 
_ and switch 2 is in the ‘CONTROL’ position (Fig. 11), the wattmeter 
reading is dependent on the setting of switch 3 as well as the 
_ deflection of the B,,,, and H,,,q, instruments and of the resultant 
error angle of the quantities H and dB/dt fed into the wattmeter. 
The ‘coNTROL’ position may thus be used at any time to check the 
condition of the amplifiers. 

The resultant error angles between the magnetic field of the 
-wattmeter and the current through the moving coil amount to 

mT) —10'", —23’ and —1°10' at 50, 150, 250 and -750c/s 
respectively. Although these error angles are fairly small, they 
have a remarkable influence at high values of B,,,,. The error 
arising from them can be calculated exactly if the amplitudes 
2nd phase angles of the fundamental and harmonic waves of the 
and H curves are known. However, since the determination 
ef phase angles is difficult, the following approximate procedure 
“aay be used instead: 

The error caused by the phase angle is highest when the phase 
<4ift between the H,, and B, waves, #,, equals 0 or 180°. We 
-an therefore write the relations for the error (AP;,), due to the 

cror angle (Ay), of the wave pair H,, By, as follow: 
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(AP rn] < KprenH,B,| (Ax), 
(APr.)n > 0 when (Arb), > 0 and 7/2 > bn > — 1/2 
or (Ay), < Oand m/2 < ds, < 3x/2 
(AP re)n <0 when (Ay), <0 and 7/2 >, > — 2/2 + © 
or (Ass), > 0 and m/2 < &, < 3n/2 
Kpre = 0:0207 watt/kg when f = 50c/s 
and p = 7-6g/cm3 | 


If, for instance, the dH/dt and dB/dt curves corresponding to 
1-5 Wb/m? in Fig. 5A are analysed, we find that 


Hmax = 15-4amp/cm 


A, =8-9 amp/em 8B, =1-6 Wh/m? 7/2>%,>—2/2 
B; =0:14 Wb/m2 2/2<o3 <3n/2 
Bs = 0:025Wb/m? 7/2 <5 < 3x2 


Using the given error angles, this finally yields, according to 
eqn. (6), the result 


ff A; = 4-1 amp/cm 
Hs = 0-72amp/cm 


5 
Y (AP xn < (0-023 + 0-010 + 0-001 3) = 0-0343 watt/kg 
n=1 


The measured iron losses are 3-76 watts/kg, and the combined 
error due to the error angles of the fundamental and the third 
and fifth harmonic is thus less than +1%. 

In the preceding example, at least, the error due to the error 
angles of the fundamental and of the third and fifth harmonic 
acts in a direction augmenting the deflection of the wattmeter. 
However, an effect of opposite sign is caused by the saturation 
of the wattmeter amplifier at the peak of the A-signal. The 
effect of the saturation phenomenon commences when the 
B-curve begins to show marked distortion and it can be 
easily ascertained, e.g. by performing the same measurement at 
different H,,,, Measuring range settings. A typical result is 
shown below. 


Setting 1 Setting 2 
Bmax Tange 2 Wb/m? 2 W/m? 
7 erance >... 25 amp/cm 100 amp/cm 
Cy ke ie fa BI 0-2 
pes . 1:5 Wb/m? 1-5 Wb/m2 
Has ..15:4amp/cem 15amp/cm 
Pa . 3-6watts/kg 3-76 watts/kg 


The result of the second measurement, 3-76 watts/kg, is 4-45% 
greater than that of the first measurement. For the 25amp/cm 
range the load of the wattmeter amplifier is four times that for 
the 100 amp/cm range. 

It is evident that the wattmeter amplifier has insufficient 
power output for the consumption of the wattmeter magnetizing 
coils. There is no doubt that the effect of the error factors 
resulting from its saturation could be reduced by increasing the 
ratio of the amplifier output and the power consumed by the 
wattmeter. Another, possibly better, solution would be to inte- 
grate the dB/dt signal and feed the dH/dt signal to the moving 
coil of the wattmeter, since the B-curve is less peaked than the 
H-curve. 


(4) ACCURACY OF MEASUREMENT OF THE FERROMETER 

An absolute calibration of the device has been made, i.e. the 
constants of its various members have been determined mathe- 
matically from their known characteristic values. This is the 
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only course possible, since experimental calibration with the aid 
of a standard sheet cannot even be contemplated. Taking into 
account the errors inherent in the pick-up coils, amplifiers and 
measuring instruments, the absolute accuracy of the ferrometer, 
at full-scale deflections of the instruments, is found to be about 
+2% for field strength, about +1-5% for flux density, and 
about +3°% for iron losses, when the amplifier outputs are 
sufficient to provide also for the signal peaks and when the effect 
of the error angle is negligible. 

However, one cannot be fully confident in the reliability of 
accuracies determined entirely mathematically unless some 
sufficiently accurate means of comparison is available; it has 
proved exceedingly difficult to find such a method, and it must 
be admitted that we have not yet succeeded in measuring the 
real accuracy of the ferrometer. Even so, it may be of interest 
to describe some measuring methods and the results arrived at 
in this way. 


(4.1) Comparison of the D.C. and A.C. Curves 


The a.c. curve shown in Fig. 14 was determined with the 
ferrometer in the normal way. The d.c. curve was obtained by 
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Fig. 14.—Comparison of the d.c. and a.c. magnetization curves. 
Test specimen: 0-5mm thick, 2:2 % silicon. 


integrating, with the aid of an integrating microvoltmeter, the 
e.m.f.’s induced in the B- and H-coils at the reversal of the d.c. 
field. Both measurements refer to the same test specimen. 

At flux densities above 1-3 Wb/m? the a.c. and d.c. curves 
agree within the limits of accuracy, +1%, of the B-amplifier and 
Bmax Measuring instrument, but in the region of high permeability 
of the test specimen the peak value of the a.c. flux density remains 
lower than the d.c. flux corresponding to the same peak field 
strength. This phenomenon conforms completely, for instance, 
with Edmundson’s? observations. Furthermore, according to 
Brailsford,? in the case of high permeability the flux density of 
the sinusoidally varying total flux on the surface of a dynamo 
sheet of 0-S5mm thickness may exceed the mean flux density 
by as much as 25%. Considering that the H,,,,, instrument 
measures the field strength on the surface of the specimen, while 
the Bq, instrument records the mean flux density, the dis- 
crepancy between the d.c. and a.c. curves is seen to be in full 
agreement with Brailsford’s findings. 

It may be mentioned in this connection that the magnetizing 
curves obtained at, say, 50 and 200c/s agree perfectly within the 
limits of accuracy of reading of the measuring instruments. 


(4.2) Check of the Measurement of Losses by the Method of 
Compensation 


The loss indication of the ferrometer may be checked in the 
following way: A test specimen placed in the ferrometer in the 
standard way is surrounded with a one-layer winding, K, which 
extends slightly over the boundaries of the section employed in 
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Fig. 15.—Compensation of the iron losses. 


the measurement and can be fed with sinusoidal current, J,, 
from an external source (Fig. 15). The measurement of the iron 


losses, P,, is first carried out in the standard way at a flux | 


density B(f) with the peak value B,,,, and the corresponding 
field strength H(z). At this stage J, = 0. 

The compensating winding is then supplied with the sinusoidal 
current J, in such phase (~ 90°) with respect to H(f), that the 
peak flux density resumes its previous value, B,i.,, With unchanged 
magnetizing current. The effect of J, upon the B-curve is then 
at its minimum, and if J, is small, the form of the flux-density 
curve and the homogeneity in the test specimen will not be 
changed in any noteworthy degree through the influence of J;. 
Consequently, the magnetic flux density is again B(t) and the 
field strength is H(t). 

Making the circuit of the closed curve 1-2-3-4-1 in accordance 
with Fig. 15, we may write 


Mp-— HL = — Ni,L|I 


where the magnetic potentials between points 2 and 3 and 


f 


between points 4 and 1 have been neglected on account of their — 


small magnitude. 
we can see that the effect of the compensation has been to reduce 
the mean field strength between the ends of the Rogowski coil 
by the amount 


= Ni,|l (7) 

The change in losses indicated by the wattmeter should thus be 
Jai an 
P,=-- — 

ke Bak Hy at ase Ae 


where p is the density of the test specimen. Denoting the e.m-f. 
induced in the compensating winding by V,, we have 


dB 
aie 


Substituting in eqn. (8) this expression and that for H;, in eqn. (7), 
we find that 


70) VINA re 


ee ri Veigdt (9) 


If P,, is the power supplied to the compensating coil, we may 
write 


P, = 


Fh 
es fi, Viigalt +12Ry so 2 


where R, is the resistance of the compensating coil. When 


Writing this in the form Mg = L(H — Ni,[l) 


MAGNETIZATION CURVE AND THE IRON LOSSES 
T . 
ia I V.i,dt is calculated from this equation and substituted in 


eqn. (9), we obtain for the change in losses 


P, IER; 


P, = — 
lA rep 


-and the wattmeter should thus indicate the power 


P, — IZR, 


Pre = Pre + Py = Pre — Weds 
e 


(1) 
| When J; is adjusted to make Pz, = 0, ie. full compensation, the 
‘ original iron losses should be 

P. urs I ERE 


bia Tontd paumidage oY . i, ppt (12) 


It is thus possible to calculate the magnitude of the iron 
losses from this equation of the external power P,, fed into the 
, winding, provided that I, 1, R,, Are and p are known. 

The current i, has been kept sinusoidal so that P,, may then 
be measured with an a.c. potentiometer. Fig. 16 shows 
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Fig. 16.—Pre = f(Bmax) and —Px = f(Bmax) at full compensation. 
Test specimen: 0-5 mim thick, 2:2 % silicon. 


Pre =f(Bmax) and —P, =f(Bmax) for full compensation as 
indicated by the P;, wattmeter and measured with a particular 
dynamo sheet. The curves agree within 4% at 0-2-0-8 Wb/m7?, 
within 2-5°% at 1-1-6 Wb/m? and within 4-5% at 1-7 Wb/m?. 
The following points should be noted in assessing the results: 


(a) The current required for compensation was so small at all 

measured points that no change caused by i; was observable in the 
AB/dt curves photographed from the oscillograph. 
' (b) Since the wattmeter of the ferrometer was used as a null 
instrument, the same error due to error angles is present in Px 
and Pr. measured in the standard manner. On the other hand, no 
strors due to instrument calibration are included in Pr. : 

(c) The highest possible Hinax range setting was used for measuring 
?r. and P;, in order to avoid saturation of the wattmeter amplifier 
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at the peak of the H-signal. On the other hand, the setting of the 
Hmax Tange was chosen so that the wattmeter could operate as a 
null instrument with adequate accuracy. 

(d) P, and J, were measured with an a.c. potentiometer of the 
Campbell—Larsen a.c. type. 

(e) Ix was derived from a generator with a voltage containing 
1-48, 0-645 and 0-725% of the third, fifth and seventh harmonics 
respectively. For the measurement of P, and J, only the contri- 
bution of the fundamental was taken into account. If the harmonics 
of the i, and dB/dt curves have zero phase-shift, the highest possible 
error caused by the harmonics can be calculated when their ampli- 
tudes are known. Using the values given in Fig. 5B, the maximum 
error due to the third, fifth and seventh harmonics, |A( — P,)j, is 
found to be <0-1, 0:2, 0-4, 0-7 and 1:1% at flux densities of 1-3, 
1-4, 1-5, 1-6 and 1-7 Wb/m2 respectively. 

(f) The compensating coil was 60mm long and the B-coils were 
44mm, so that the mean flux density in the region of the com- 
pensating coil corresponding to the B-coils was higher than that in 
the entire compensating coil. This causes an error of less than 1% 
at Bmax > 1 Wb/m2. 

(g) The length, /, of the compensating coil appears in the denomi- 
nator of the expression for Pz. Consequently, the error incurred in 
is measurement, +0:5°%, appears as such in the relative error value 
of Px. 


Considering the circumstances stated above, it seems that the 
accuracy of measurement of P; can be assessed to be +3%. As 
can be seen from the previously stated differences of the P,, 
and —P, values of the 2:2% silicon sheet, they remain below 
the measuring error of P,, 3%, in the range 1-1-6 Wb/m?, and 
exceed it outside of this range, i.e. at 0-2-1 and 1-6-1-7 Wb/m?, 
by only 1-2%. The measuring error of P; does not include the 
error caused by the error angle [see (5) above]. However, its 
effect is probably less than 1% when B,.gx < 1:5 Wb/m/?, as 
can be concluded from the example calculated in Section 3.6. 


(4.3) Comparison with Toroidal Core Measurements 


Measurements with the ferrometer have been compared with 
those obtained by means of toroidal cores, but because of the 
great differences between the two methods, this comparison does 
not constitute a reliable basis for evaluating the accuracy of the 
ferrometer. 

In order to achieve sufficient flux, several pieces of sheet 
material must be stacked together for the toroidal-core measure- 
ment. The inhomogeneity thus caused means that the magnetic 
flux does not always follow the direction of the sheets, as in the 
ferrometer, but will tend to pass from one sheet to another. It 
is difficult to account for this phenomenon when comparing the 
results so obtained with those from the ferrometer. However, 
since the different parts of the ring present somewhat different 
magnetic properties, the inclination of the field to the direction 
of rolling varying between 0 and 90°, the passing of the flux 
from one sheet to another can be reduced by stacking the sheets 
so that the rolling directions are coincident. This also facilitates 
comparison between toroidal-core and ferrometer results, since 
each cross-section of the ring represents a definite angle between 
the directions of rolling and of magnetization. 

Owing to their inhomogeneity, the flux traversing the cross- 
section of the toroidal core is unevenly distributed between the 
sheets. However, the field strength in the different sheets is at 
least approximately the same at any point of the cross-section in 
question. It follows that, in the ferrometer measurements, the 
average Brox m =£(Hinax) aNd Prem = £(Bmax m) curves must be 
determined in the following manner: 


Bmax m = {(Hinax) is the arithmetic mean of the Byax = f( Fmax) 
curves measured for the different samples with H,,,.x as variable, i.e. 
each point of the curve is the mean of the Byjax values measured 
for the different samples at the same Hyqx value. 

Pre m = £(Hmax) is the mean of the Pre = f(Hinax) curves measured 
for the different samples with Hyjqx as variable. 

Pre m = £(Bmax m) has been determined from the curves Brax m = 
f(Hmax) and Pre m = {(Hmax) by elimination of Hpax. 
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If the functions B, a m = f(Ha,) and Prem = f(Bmax m) are 
known, on the basis of measurements with the ferrometer, for 
different angles between the directions of magnetization and of 
rolling; the: mean! Ba =H, wand) Pay = iba en) 
curves which should be obtained from the toroidal-core measure- 
ment can be calculated and compared with those obtained by 
measurement. This calculation can suitably proceed from the 
assumption that the mean magnetic flux density is the same in 
every cross-section of the ring, provided that the relative per- 
meability of the iron is high. 

The rings for this comparison between the Bray m = f(Hmax) 
and Prem =f(Bmax m) Curves obtained by measurement with the 
toroidal core and by calculation from the properties of the 
sheets determined with the ferrometer, as well as the strip 
samples required for the ferrometer measurements, were prepared 
from the same sheet by punching, taking them from as closely 
adjacent parts of the sheet as possible. Strip samples were taken 
in directions at 0°, 45° and 90° to the direction of rolling of the 
sheet. 

It is then possible, on the basis of the ferrometer measure- 
ments, to calculate the Brgy m =f(Hmax) and Prem = (Bmax m) 
curves which should be obtained with a regular octagonal ring, 
and to compare them with the curves measured pertaining to a 
circular ring. The mean B,,,.. m = f(Himgx) curve thus calculated 
for an octagonal ring differs from the d.c. curve measured with 
the toroidal core in much the same manner as the a.c. curve 
shown in Fig. 14 differs from the d.c. curve. Fig. 17 shows 
the mean Pr, », = f(Bmax m) curves calculated from the ferro- 
meter measurements for the directions of 0°, 45° and 90°; all 


10 


~ 


Pre m, watts/kg 


Dd 
DH 


O41 A ; iL 
O4 05 4 3 
Bmax m+» Wb /m? 


Fig. 17.—P Fe m = f( Bmax m): 


-—-—-- Obtained from toroidal-core measurement. 

Calculated from the ferrometer measurements for the directions of 0°, 
45° and 90°. 

(-} Computed mean iron losses for octagonal ring. 
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available samples were measured, the number in each direction 
being 10, 33 and 23, respectively. The mean iron losses for the 
octagonal ring are obtained from the equation 


_ Pre moe + 2(Pre mse + (Pre moor 
hg Fem 4 


where (Pre m)0°» (Pre m45° and (Pre m)90° are the mean iron 
losses for 0°, 45° and 90°, respectively, as read from the curves 
at the same B,,,a m Value. Some points computed according to 
this formula have been plotted in Fig. 17. It can be seen that 
they coincide rather closely with the Pre m = f(Bmax m) curve 
measured with the toroidal core, the greatest difference—about 
4°% occurring at 0-115 Wb/m?. 

In the foregoing some checking methods have been described 
by means of which we have attempted to determine the measuring — 
accuracy of the ferrometer, although none of these methods is 
accurate enough to enable a real check to be made. Even so, 
the results of measurement can be said to show that, with the 
sheet qualities used and within the ranges investigated, the 
ferrometer operates at least approximately with 3 accuracy 
stated at the beginning of Section 4. 
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SUMMARY 


The paper describes the two basic techniques by which a dynamo- 
meter wattmeter may be employed to measure specific iron loss, and 
shows how these methods have been applied to measurements on 
Lloyd-Fisher or Epstein samples and to the development of single- 
sheet testers and single-strip testers. All the equipments give direct 
readings of flux density, magnetizing force and specific iron loss. 
The advantages of single-sheet testing are emphasized particularly as 
a means for grading hot-rolled transformer steel. 


LIST OF SYMBOLS 


The rationalized M.K.S. system cf units is used throughout. 
Qy = Area of A-coil. 
a; = Cross-sectional area of iron. 
a, = Cross-sectional area of yoke. 
B = Instantaneous value of flux density. 
Bmax = Maximum value of flux density. 
D = Wattmeter deflection, scale divisions. 
f = Frequency. 
H = Instantaneous value of magnetizing force. 
HA max = Maximum value of magnetizing force. 
H, = Instantaneous value of magnetizing force in 
yoke. 
i = Instantaneous value of current. 
I = R.M.S. value of current. 
I = Average value of current. 
k = Wattmeter deflection constant, scale divisions 
per ampere’. 
ky, k, k3, k4 = Constants defined by eqns. (3a) to (3d). 
s — B-meter shunting factor. 
1; = Length of iron sample. 
l; = Effective length of iron sample. 
1, = Length of yoke. 
M = Mass of sample. 
m = Mutual inductance. 
N, = Magnetizing turns. 
N, = Secondary turns. 
N; = Number of turns in current-transformer primary. 
Ns, = Number of turns in current-transformer 
secondary. 
Ny = Number of turns in H-coil. 
P; = Specific iron loss. 
R = Resistance. 
v = Instantaneous value of e.m.f. 
p = Density. 


(1) INTRODUCTION 
Electrical sheet steel is supplied against a guaranteed maximum 
loss at a specified frequency and flux density. The classical 
methods of Epstein,! Lloyd and Fisher? and, more recently, the 
double-lap Epstein assembly? are widely used. Batches of sheet 


Mr. McFarlane and Mr. Darby are at the Guest, Keen and Nettlefolds Group 
Research Laboratory. Mr. Milne, who was formerly at that Laboratory, is now 
with Electric and Musical Industries, Ltd. 


are graded by selecting one or more sample sheets and cutting 
from these a number of test strips. A considerable amount of 
calculation is required to obtain the test results. An equipment 
has been described*+ in which calculating networks are incor- 
porated to reduce this labour. 

In transformer-steel applications there is a premium on losses, 
and this has resulted in the marketing of a number of grades 
separated by about 7%, which is less than the spread of losses 
among individual sheets in a batch. The use of a sampling 
technique will not ensure that individual sheets are correctly 
graded, and whole batches may occasionally be wrongly graded 
if the samples happen to be unrepresentative. This situation can 
be improved by testing and grading sheets individually on a 
single-sheet tester, provided that the machine is sufficiently fast 
in operation to keep testing costs to acceptable limits. 

In a similar category, although on a much smaller scale, is the 
single-strip tester. The sheet manufacturer often finds it useful 
to be able to measure the magnetic properties of single strips of 
Lloyd—Fisher size or smaller, e.g. to find the distribution of 
losses over a whole sheet, to compare annealing processes, or to 
correlate with chemical analyses. The strip tester is essentially 
a tool of research. 

A number of strip testers> ® 7 and single-sheet testers® ? have 
been described. All of these utilize dynamometer wattmeters 
for loss measurement, with the exception of Dannatt,° who uses 
an a.c. potentiometer. Some are absolute, but require tedious 
calculation and correction factors. Others make approximations 
which can lead to appreciable error. Koppelman!® and 
Fiebiger!! have employed synchronous rectifier methods (the 
‘ferrometer’) to measure the width of the dynamic hysteresis 
loop, from which the loss is inferred. 

More recently, Krug!” has reviewed German developments in 
sheet and strip testing and has described briefly the application of 
dynamometer wattmeters. Wollweber!? has discussed measure- 
ments obtained on Krug’s sheet tester, and has compared these 
with the Epstein method. 

The present paper describes developments 
Fisher/Epstein, single-sheet and single-strip testers. In each 
case losses are measured by a dynamometer wattmeter. Cal- 
culating networks are included to obtain direct readings of 
Bmaxs Hmax and specific loss. No empirical methods are used, 
the instruments being calibrated in terms of electrical standards. 
Waveform errors are avoided by using a feedback-amplifier 
technique, described in a companion paper,!* to provide sinu- 
soidal flux at the required frequency. 


in Lloyd— 


(2) MEASUREMENT TECHNIQUES 


(2.1) Loss Measurement Fundamentals 
When an iron sample is carried through a closed cycle of 


magnetization, the energy loss is | HdB or | Bart J/m3, where 
Cc te 


| represents the integral over one cycle. Under continuous 
c 


[ 385 ] 


386 McFARLANE, 


cyclic magnetization at a frequency f cycles per second the iron 
loss is 


fl HdB or al BdH watts/m? 


By changing the variable, this may be written 


1/f 
Specific iron loss = P= 2/ HBadt = Ta Bbidl watts/kg (1) 

Now a dynamometer instrument carrying instantaneous 
currents i, and i, in its fixed and moving coils experiences an 


instantaneous torque proportional to i,i,. Under cyclic condi- 
I/f 


tions the mean torque will be proportional to f i i,ipdt, and 
the deflection may be written 


p= iff can ied Steet ae TO 
0 


where k is a constant. 

Comparison of eqns. (1) and (2) shows that the deflection of 
the dynamometer instrument can be made proportional to 
specific iron loss if the currents i, and i, are made respectively 
proportional to H and B, or to Band H. Thus, if 


ie = k,H (3a) 
it follows from eqns. (1), (2) and (3) that 
D= Pikk yk» . (4a) 
cand this method is considered further in Section 2.2. 
Alternatively, if 
i ka Dee (3c) 
and ly — k,H . (3d) 
DEP kkakar (4b) 


‘This method (the H-coil method) is discussed in Section 2.3. 


(2.2) Loss Measurement—Magnetizing Current Method 


Following eqns. (3a), (3b) and (4a), this method depends on 
providing wattmeter currents proportional to AH and B 
respectively. 


(2.2.1) Current Proportional to B. 


In Fig. 1 the voltage induced in the coil N, by a flux B in a 
cross-section a; is 
(= BaNS i Se BSG) 


Fig. 1.—Secondary current circuit. 


Tf the circuit is non-inductive, the secondary current is 


Ba; iN 
(pe R 


Now the iron cross-section is 


ay 


(6) 
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saga ;, ge 
P I;Ro 
Comparing with eqn. (3d), the constant is 
MN, 
ee 8) 
se pliRy 


Alternatively, as discussed in Section 2.2.3, a feedback amplifier 
may be interposed to allow the secondary loss [ZR, to be 
decreased. In Fig. 2, if the amplifier loop gain is large, the 


Fig. 2.—Secondary circuit with feedback amplifier. 


amplifier will function as a conductance 1/R3, and the output 
current will be 


F R 
13 = RR, (9) 
From eqns. (5), (6) and (9) the constant in eqn. (35) is 
MN>R, 
= (10) 
2 pl: RoR; 


(2.2.2) Measurement of H from Magnetizing Current. 


When a uniform magnetic circuit is magnetized from a single 
evenly distributed winding, the m.m.f. equation is 


Hil; = i,N, 
so that, in eqn. (3a), the constant is 
I 
ky — N, 


1 


In the more general case the magnetic circuit may consist 
of two sections: the test sample, and the yoke (in a single- 
sheet tester), or corner joints (in the Lloyd—Fisher or Epstein 
testers). In addition, a loaded secondary winding may be applied 
for measurement purposes. If the yoke or corner-joint field 
strength and length are H, and /, respectively, and if the secondary 
winding of N, turns carries a current i,, the m.m.f. equation is 


Hl; = ie kale == i,N, = 1,N> 
or pers 
where -FE and C= ae a 
Thus 
l; 
bag ae (11) 
sails 
Ni, ca co oe Ce 


where J; = 1,1 + a + B). 

The wattmeter deflection will depend only on the components 
of i; which are in phase with B. Thus « can be shown to repre- 
sent the ratio ; OG: Toss Aa YORE 

iron loss in test sample 
secondary copper loss 


iron loss in test sample’ 


and £ can be shown to 


represent the ratio - 
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(2.2.3) Elimination of Secondary Circuit Loss Errors. 


In general, the factor 8 will vary with the test conditions, and 
it must be compensated for or reduced to negligible proportions. 
A compensated wattmeter may be used, as discussed in 
Reference 4, to eliminate the effect, but, as will be seen in 
Section 3.1, the circuits employed in the apparatus described 
require multiple tappings of the primary turns N,, and this 
would require corresponding tappings in the compensating coil 
of the wattmeter, leading to excessive complication. 

In the single-sheet tester, the use of a low-consumption portable 
reflecting wattmeter, combined with the relatively high specimen 
losses associated with whole sheets, allows the factor 8 to be 
reduced to negligible proportions. 

In the Lloyd—Fisher and Epstein equipment it is not possible 
to reduce the wattmeter consumption to negligible proportions. 
The amplifier method of Fig. 2 is then utilized, allowing the 
secondary loss 17R, to be reduced to a negligible amount. 


(2.2.4) Elimination of Corner-Loss or Yoke-Loss Errors. 
In cases such as the Lloyd—Fisher and Epstein squares, where 
the corner loss bears a fixed relation to the limb loss, « has a 


constant value. If 6 has already been eliminated, eqn. (11) 
becomes 


l; 
ky = ny" — co) 


which may be written 


l; 
k= N, (13) 


when 


I; = (1 + «) = effective length of test sample (14) 


In the single-sheet tester the yoke dimensions and material are 
fixed, while the sheet is variable. Thus the factor « changes 
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with each sheet. To eliminate this effect, the yoke is designed to 
have very low losses which reduce « to negligible proportions. 


(2.3) Loss Measurement by H-Coil Method 


Section 2.2 deals with the case, in single-sheet or strip testing, 
in which yoke errors can be reduced to negligible proportions, 
using a low-loss yoke. This condition becomes more difficult 
to achieve as the size of the test specimen is reduced, and the 
magnetizing current can no longer be used as a measure of H. 
Alternatively, it may be preferred to abandon the yoke and use 
an open-ended specimen. In these cases an H-coil is placed close 
to the surface of the test sample. The e.m.f. generated in the 
coil is proportional to H. Ane.m.f. proportional to Bis obtained 
from the usual secondary winding. 

These e.m.f.’s are applied to current amplifiers, after one of 
them has been integrated. The amplifiers supply the wattmeter 
coils with currents proportional to B and H, or H and B, respec- 
tively, as implied by eqns. (4a) or (48). 


(2.4) Measurement of Byg, and Wax 
A rectifier instrument is usually employed to measure the 
value of B,,.x, Which is inferred from the equation 
Be = AB max C (15) 


In a similar manner, H,,,,, can be inferred from the rectified 
average value of H. 


(3) APPLICATION TO LLOYD-FISHER AND EPSTEIN 
METHODS 
(3.1) Circuit Analysis 
Fig. 3 will be recognized as an extension of the classical iron 
testing circuit. An amplifier has been interposed between the 
secondary winding N, and the wattmeter coil b, to remove the 
wattmeter load from the square, as discussed in Section 2.2.3. 
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Fig. 3.—Lloyd-—Fisher and Epstein square tester. 
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The values of k,; and k, appropriate to the circuit have been 
given by eqns. (13) and (10). Substituting these values in 
eqn. (4a) gives the wattmeter deflection 

R 
Deep (1 ‘) 


IGA) 
Ry/ \T;R3/ \Ny 


In Fig. 3, the current i, is i, = i,N3/N4. 
Combining this with eqns. (10) and (15), the rectified average 
value of i, will be 


(16) 


N. 
T gap a Kany 4Bmaxh 
and the average current through the moving-coil meter R; will be 


N. 
Tan ai Kay ABmaxtks 


R 
where ke SS 17 
ERIE ER. (17) 
Substituting for k, from eqn. (10) gives 
R N. if \ fist 
i av = 4B a i Z ( )( 4) 18 
i gs aan ie) N,/ \ p ie oe 


Examination of eqns. (16) and (18) shows that the wattmeter 
deflection D will indicate the specific loss P;, and the current Ip, 
will indicate B,,,. if each of the factors shown in brackets is 
held constant. Thus variations in the mass M of successive 
samples are compensated by making the resistance R, propor- 
tional to mass. Different frequencies and densities are accom- 
modated by changes in N4 and N; respectively. 

In changing over from Lloyd—Fisher to Epstein squares, there 
is a change in the effective length /; of the sample. The squares 
are wound with appropriate primary turns to make /;/N, constant 
on a particular wattmeter range. Wattmeter range switching is 
provided by changing the primary turns N, in the ratio 1 : 2 : 4. 
Uniform distribution of turns is achieved on each range by 
utilizing a single-layer quadrifilar winding. A further range can 
be provided by series/parallel switching of the wattmeter coils, 
which doubles the constant & in eqn. (16). 

Initial adjustment of R3; enables the required overall wattmeter 
sensitivity to be attained. When this has been done, the shunt 
resistance R, is adjusted, thus altering the constant ks, to obtain 
the required B-meter sensitivity. Calibration circuit require- 
ments are considered in Section 7. 


(3.2) Practical Details 


The circuit of Fig. 3 shows further details. An oscillator and 
a feedback amplifier!* are used to obtain sine-wave induction at 
standard power frequencies. 

A selector switch (not shown in Fig. 3) allows either Epstein 
or Lloyd—Fisher squares to be used. Each square is equipped 
with a mutual inductance to compensate for the air flux enclosed 
by the secondary winding N>, to avoid errors in B-measurement 
which become significant at high induction levels. The primary 
windings of the mutual inductances are distributed in proportion 
to the magnetizing turns Nj. 

The voltage appearing across the mutual-inductance secondary 
is proportional to the rate of change of magnetizing current, 
and hence to H. This voltage is amplified and measured on a 
moving-coil rectifier meter, which indicates H An attenuator 


max* 


at the H-amplifier input provides range switching. 


(3.3) Operation 


In operation, the test sample is weighed and inserted in the 
appropriate square. The adjustment for mass is carried out on 
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a 10-turn helical potentiometer which forms part of R,. The 
density and frequency controls are set to appropriate values. 
The B-setting controls (coarse and fine) are adjusted until the 
B-meter reads the required value, and the test results are read on 
the wattmeter and the H,,,,, meter. 


(4) SINGLE-SHEET TESTER 
(4.1) Magnetic Circuit Considerations 


In considering single-sheet or strip tester requirements, there 
is an immediate choice between completing the magnetic circuit 
through the surrounding air, and by providing a laminated yoke. 
The air-path method encourages non-uniform flux distribution 
which limits the useful test length to a region in the centre of the 
sheet or strip. It has been preferred in the present equipments 
to use a U-shaped laminated yoke to provide a low-reluctance 
return flux path. Flux uniformity is further improved by splitting 
the magnetizing coil into a number of parallel sections, some of 
which are wound on the yoke. 

The use of a yoke implies that iron losses will be incurred in 
the yoke as well as in the sheet. It appears attractive to suppose 
that the yoke loss will be met by the current flowing in the yoke 
coils, but preliminary work confirmed that, with close magnetic 
coupling, the assumption is invalid. 

The solution adopted is to measure the total power consumed 
in sheet and yoke, and to design a yoke in which the loss is 
reduced to about 1% of the sheet loss. Although this factor 
varies according to the grade and thickness of the test specimen, 
it falls within a range of +0°3% for the range of tests envisaged. 
These yoke requirements are met, in the case of the single-sheet 
tester, by using about 14 tons of transformer-steel laminations 
with a cross-section of 36 x 4in. 


(4.2) Theory 


With a yoke in which the losses are reduced to the order of 
1%, and a wattmeter for which the pressure circuit losses are 
negligible in comparison with the sheet loss, the loss measuring 
circuit takes the form shown in Fig. 4. The appropriate values 
of k, and k, are given by eqns. (12) and (8). Inserting these in 
eqn. (4a) the wattmeter deflection will be 


Dimer oe =) (i) 


Here R; is used instead of R, and has the significance shown in 
eqn. (21). 

It first appears that an indication of B,,,, can be obtained by 
measuring the rectified average value of i, (Fig. 4). However, 
the flow of current i, through the wattmeter coil a induces a 
quadrature e.m.f. in coil b, which in turn causes an unwanted 
current to be superimposed on i;. As this current is in phase 
quadrature with i,, it causes no wattmeter deflection; but its 
magnitude is sufficient to cause errors in a meter placed in series 
with coil b. 

B-measurement is therefore carried out by a separate parallel 
circuit. If the total effective resistance is Rg, the average current 
in the meter is, by analogy with eqn. (18), 


tam = Brace) G2) (ag) Gs 


Once again, D and Ig,, will indicate specific loss and Byyox 
respectively if the factors in brackets are held constant. Thus 
both Ry and R¢ are varied in proportion to M, while N>, N3 
and N, are tapped in proportion to the sheet length /;, density p 
and frequency f respectively. 


The magnetizing winding N;, consists of some 30 parallel 


(19) 


(20) 
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sections, to achieve good flux uniformity. It is not convenient 
in this case to obtain wattmeter range switching by changing 
N;. Instead, three values of the wattmeter deflection constant k 
fare obtained by subdividing the fixed coils of the wattmeter and 
‘arranging for series, series/parallel or parallel switching. 

Egn. (19) defines the value M/R, when the other constants have 
been fixed. In the practical arrangement each sheet is placed 
son a weighing machine before entering the test bed, and the 
wariable part of R, is a potentiometer which rotates in syn- 
Ichronism with the weighing machine pointer. For a given 
weighing machine the required value of R5 in ohms per degree 
pf rotation is thus defined. Since potentiometers of high 
linearity are not readily available to close tolerances in ohms 
sper degree, some means of adjustment is necessary. This is 


provided in Fig. 4 by the addition of resistors R; and Rg. Ry 
is the potentiometer resistance. Here 

; v v 

i, = 2 — 2 (21) 


ns 


2 iat 
Ry + (Rue + Ry)(1 + ie 


so that the actual resistance of the potentiometer is effectively 
‘increased by a factor (1 + R,/Rs). Adjustment of Rg to obtain 
the required wattmeter deflection under calibration conditions 
thus allows for some tolerance in the calibration (ohms per 
degree) of Ry,. 

(4.3) Details 


Referring to Fig. 4, the sheet and yoke are magnetized by 
perallel-connected coils from an amplifier of 1kVA rating. Two 
weesions of the test bed have been built. One takes sheets of 
8%: minimum length, of which a 7ft length is tested. The other 
ta%es sheets of 6ft minimum length, of which a Sft length is 
tested. Since the secondary winding N, is tapped to accommo- 
dae greater length, the air-flux coils are correspondingly tapped. 
Resistance equalizers are added to maintain constant total 
re istance. 


Fig. 4.—Single-sheet tester. 


Phase-angle compensation is added, in the form of the capaci- 
tance C,, to annul the effect of inductance in the wattmeter 
voltage branch. The adjustment is described in Section 7. 

As the speed of operation is limited by the settling time of 
the wattmeter, a relay has been used (not shown in Fig. 4) to 
insert the calibration components into circuit, between sheet 
tests, at a current level which deflects the wattmeter to about 
80% of full-scale deflection. 


(4.4) Operation 

In operation, a sheet is first placed on the weighing machine, 
where the mass-setting resistors are adjusted. It is then loaded 
automatically into the test bed, where a trip switch causes 
rubber-faced clamps to maintain good magnetic contact between 
the ends of the sheet and the pole faces, and at the same time 
switches on the magnetizing current. After initial adjustment, 
the B-setting is automatic unless the sheet density or length is 
altered. The instrument operator determines the sheet grade 
from the wattmeter reading, and presses a button which ejects 
the sheet at the output end and indicates the grade to the unload- 
ing operator. Meanwhile another sheet has been weighed and 
now enters the test bed. An appropriate relay control system 
ensures sequential operation. 

Speeds of 300-400 sheets per hour are achieved over an 8-hour 
shift. 

(5) SINGLE-STRIP TESTERS 

It is noted in Section 2.3 that as the size of strip specimen is 
diminished it becomes increasingly difficult to design a yoke of 
negligible loss. This difficulty led to the use of H-coils in the 
instrument described in Section 5.1. As developed, this system 
required the use of an additional integrator and amplifier in the 
H-channel, and two additional magnetizing amplifiers. 

With subsequent experience it became evident that a nickel- 
iron yoke could meet the low-loss requirement, and a second 
version of the strip tester, similar in its circuits to the Lloyd— 
Fisher/Epstein equipment, was built. It is described in Section 5.2. 
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Fig. 5.—Single-strip tester. 


(5.1) H-Coil Method 
(5.1.1) Theory. 

The application of the H-coil method is shown in Fig. 5. 
Here the B signal is integrated, and the wattmeter is supplied 
with currents proportional to B/p and H respectively. It would 
be equally permissible from the point of view of loss measurement 
to integrate the H signal. The method adopted has the advan- 
tage that H,,,,. can be measured directly by a rectifier meter. 

Integration is obtained by means of an amplifier with a CR feed- 
back network. With a high amplifier gain, the output/input 
relation becomes (Fig. 5) 


ee (22) 
v pCR, 
where p is the differential operator. 
Also 
; U3 
i, =—. (23) 
eek 


Using eqns. (5), (6), (22) and (23), the wattmeter current i; is 


: N,MB 
ss gS Ga mene (24 
2) 1pCRRiz a 
This gives for the constant k; as defined in eqn. (3c) 
lM 
7s gop ae aia ad Zs 
3 IipCR2Ri2 ap 
The H-coil voltage is 
UH => 4710-7NyapH (26) 
The wattmeter current is 
R 
2 (27) 


iy = Un 
RoR 


From egns. (26) and (27) the constant k, as defined in eqn. (3d) is 


ky = 4710-7Nyay (28) 


1i0Ri1 
From eqns. (4b), (25) and (28), the wattmeter deflection will be 


ee Ge ( a) me (mae oe 
The current iz is 
eo ere me ae ee 


EEDBACK 
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and the rectified average value of i; is 


Ro ) a 
Rio Rit 


Eqns. (29), (30) and (31) show that D, ig and Iz, will be propor- 
tional to specific loss, B and H,,,,, respectively, if the factors 
shown in brackets are constant. Thus R, is varied in proportion’ 
to M, and N, is varied in inverse proportion to p. Stepped 
values of Ro/ Rio provide wattmeter and H-meter range switching. 
Initial adjustment of R,, to achieve the required H-meter sensi- 
tivity is followed by adjustment of R;» for wattmeter sensitivity, 
and then of ks (i.e. R4) for B-meter sensitivity, under appropriate 
calibration conditions. 

It will be noted that ig is at every instant proportional to B 
[not to B as in eqns. (18) and (20)]. As B is sinusoidal, it is 
permissible to use either an r.m.s. meter or an average meter, 
calibrated to read Byax- 


(5.1.2) Constructional Details. 


The coil unit has been constructed in two sizes. One takes 
25 x 7cm (Lloyd—Fisher) strip, and the other takes 15 x 2cm 
strip, a size which has been found more convenient for metal- 
lurgical experiments on a laboratory scale. The strip is placed 
in a narrow slot which is surrounded by the B-coil, while the 
H-coil is wound in two parts, above and below the strip and as 
close to it as practicable. The magnetizing winding, in a number 
of parallel sections, is wound over the B- and H-coils. The 
U-shaped yoke is arranged to move vertically to provide clamping 
pressure between the pole faces and the ends of the strip under 
test. 

Dannatt® has noted that the accuracy of loss measurement by 
H-coil methods depends on whether the field sampled by the: 
H-coil is truly representative of the field at the surface of the 
iron. In the present tester, field uniformity has been improvec 
by splitting the magnetizing coils into three sections, eact 
energized from a separate amplifier. The system is fully describec 
elsewhere. !4 


(31) 


Trav aa HnaxAf ( 


(5.2) Low-Loss Yoke Method 


The use of a laminated Mumetal yoke of 7 x 2cm cross: 
section reduces yoke losses to about 1% of the strip loss, whicl 
enables the magnetizing current to be passed through one watt 
meter coil as a measure of H. The high degree of field uniformity 
required by the H-coil method is no longer necessary. Thi 
allows the two additional magnetizing amplifiers to be removed 
Parallel connection of the sections of the magnetizing coil, com 
bined with the low reluctance of the yoke, provides an adequat: 
degree of flux uniformity along the length of the specimen. 


EQUIPMENT FOR SINGLE SHEETS, SINGLE STRIPS AND TEST SQUARES 391 


__ In other respects the method is similar to that of the single- 

bheet tester, except that the instruments are coupled through an 

amplifier to the secondary winding N,. Thus the circuit is 

basically identical with the Lloyd—Fisher/Epstein circuit (Fig. 3). 

An #H-coil, amplifier and rectifier meter are included to 
easure H,,,..- 


(5.3) Performance of Single-Strip Testers 


Both forms of strip tester are similar in operation to that 
described in Section 3.3. A testing rate of about one strip per 

inute is achieved, being limited mainly by the speed of weighing 
pn a chemical balance. 

In addition to its obvious use in assessing the results of 
chemical composition, annealing and processing, the single-strip 
tester has also been used for studies such as the pattern of loss 
over the area of whole sheets. By applying a tensile stress to a 
‘strip already in the coil unit, the effects of strain have been 

easured. Some effects of shearing strains are recorded in 

ig. 6. These were obtained by measuring the properties of a 
strip, shearing it in half longitudinally, reassembling the two 
arts in the tester and measuring again. The shearing process 

as then repeated, cutting the strip into four and then into eight. 


INCREASE IN IRON LOSS, %o 


INCREASE IN Huaxre 


STRIP WIDTH, CM 


Fig. 6.—Effect of shearing on the iron loss and Hinax of single 
Lloyd—Fisher strips at a fixed Byax. 


All tests at B = 1-3 Wb/m?2 and f = 50c/s 


Measured characteristics 
for 0-07m width 


Silicon Thickness 
content 
Loss Hinax 
Vf. in W/Ib AT/m 
A 0-3 0-025 2:65 406 
B 0-3 0-018 2:05 430 
CG 2:5 0-020 1:29 390 
D 4:0 0-014 0:93 5S) 
E 3-0 0-012 0:52 FAL 
grain- 
oriented 


(6) AMPLIFIER REQUIREMENTS 


In the instruments described, an overall accuracy of better 
than 1% has been the aim. Wherever possible, individual com- 
ponents have been designed and adjusted to the order of 0-1°%. 

The power factor encountered in testing non-oriented trans- 
former sheet at 1-3 Wb/m? is about 0-2. This means that the 
wattmeter currents differ from phase quadrature by about 12°, 
and a phase error of about 0:012° will cause a wattmeter error 
of 0:1%. The problem, therefore, is to design an amplifier 
which will supply the necessary wattmeter current with a maxi- 
mum phase shift, over the required range of working frequencies, 
of the order of 0:01°. 

Fig. 7 is a chart of the type discussed by Nichols,!> showing 


OPEN-LOOP GAIN, dB 


120° 90° 60° 30° o° 
OPEN-LOOP PHASE ANGLE 


Fig. 7.—Closed-loop/open-loop transfer chart showing locus of 
B-amplifier response. 


g = Closed-loop gain. 
0 = Closed-loop phase angle. 


the relation between the closed-loop and open-loop gain and 
phase angle of a feedback amplifier. This shows that the 0:01° 
target can be achieved with an open-loop gain of 60dB and a 
phase shift not exceeding 10°, or 70dB and 33° respectively. 
With 60dB of feedback, the closed-loop gain will drop by only 
0-01 dB or 0:1°% if the amplifier gain is halved, and is therefore 
very insensitive to mains voltage and valve ageing effects. Fig. 7 
also contains a plot of the performance actually obtained with 
the amplifier shown in detail in Fig. 8. This amplifier is used in 


0 +H] 


Fig. 8.—B-amplifier used in Lloyd—Fisher/Epstein test equipment. 
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the Lloyd—Fisher/Epstein test equipment, and supplies a current 
of about 7mA with an input signal of 2 volts. 

The amplifier consists essentially of two pentode stages V 
and V, and a cathode-follower V4, which supplies current to the 
wattmeter and the B-meter. Overall feedback is applied through 
resistor R3. Stabilization of this amplifier, utilizing 60 to 70dB 
of negative feedback, presents a considerable problem, par- 
ticularly at the low-frequency end. A rapid rate of attenuation 
at frequencies below 25c/s is achieved by a subsidiary feedback 
loop applied through the time-constants R,C, and R,C, and the 
valve V3, which is coupled through a common cathode resistance 
to V,. Capacitors C3; and C, are provided for high-frequency 
stabilization of the main and subsidiary feedback loops 
respectively. 

Similar design criteria apply to the integrating amplifier used 
in the strip tester (Fig. 5). 


(7) CALIBRATION 


Initial calibration and periodic checks of instrument accuracy 
are performed by diverting the primary current from the mag- 


Table 1 


STATISTICAL COMPARISON OF IRON-LOss MEASUREMENTS BY LLOYD—FISHER, EPSTEIN AND SINGLE-STRIP METHODS, BASED ON 
MEASUREMENTS ON 10 SAMPLES, EACH CONTAINING INITIALLY 20 Strips 25 X 7CM 
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because it permits the constants to be selected to give simul- 
taneous full-scale deflections of the ammeter, wattmeter and 
B-meter. A similar calibration technique is applicable to the 
circuit shown in Fig. 5. 

In the single-sheet tester (Fig. 4) the leakage inductance of 
the secondary winding N, and the wattmeter coil inductance 
cause the current i, to lag behind the B voltage. This is com- 
pensated by a small capacitance C, connected across the resis- 
tance R;. Initial adjustment of C, is carried out by disconnecting 
the calibration resistance from the circuit and passing current 
through the mutual inductance. C, is adjusted to give zero 
wattmeter deflection, indicating that the wattmeter currents are 
exactly in phase quadrature. Similar techniques are used in 
setting up the equipments shown in Figs. 3 and 5. | 

(8) COMPARISON OF TEST METHODS 
(8.1) Lloyd—Fisher, Epstein and Single-Strip Methods 


Table 1 shows the results of comparisons between single-strip, 
Lloyd—Fisher and Epstein tests on the same material. In each 


| 
| 


! 
Error relative to Lloyd—Fisher test | 
Average Error | 
Material Lloyd—Fisher 25 x Tom 2 at 25 x 3cm 25 x 3cm (iii) relative to (ii) 
Nes single-strip Lloyd—Fisher Epstein 
@ (ii) Gii) 
W/Ib % Ys % 
0:014in non-oriented Mean 0-48 3-48 2-0 
transformer steel 
0-829 
Bmax = 1-3 Wb/m2 Range to include 95% +1-03 +2-54 1°57 
of observations 
0:013in grain-oriented Mean —1-71 6-91 5-20 
transformer steel 
0-602 eS 
Bmax = 1-5 Wb/m2 Range to include 95% +1-74 +5°04 - +3-90 +1:56 
of observations 


netizing windings to a four-terminal resistance R and mutual 
inductance m. These components, and the calibration current 
I.qi, are chosen to produce wattmeter and B-meter deflections 
appropriate to particular values of P; and B,,,,. respectively. 

As applied to the circuits of Figs. 3 and 4, the wattmeter 
deflection condition implies that 


(Power dissipated in R) 
— arte N> 
= (Power dissipated in iron under test) x N, 
1 
I; N. 
i.e. 12,R = P,M2 —? 
1.€ cal I 1; Ni 
The B-meter deflection condition implies that the voltage 
appearing across the secondary terminals of the calibration 
circuit shall be equal to the voltage which would be generated 

across N3; 


ie. Tegi\V [R? ae (27fm)*] 


(32) 


he a/ (2)7 BmaxMN>f 
lip i 
Eqns. (32) and (33) may be solved either by selecting a convenient 


value for J,,; and calculating R and m, or by putting m = 0 
and solving for J,,;and R. The first method is usually preferred, 


(33) 


case a pack of about 20 strips was tested in the Lloyd—Fishe: 
square, and the results compared with the mean of individua 
tests in the strip tester. The 25 x 7cm Lloyd—Fisher strip wa: 
then sheared to give two 25 x 3cm strips (the left-over 25 « 1cn 
strip being rejected). These strips were tested in a non-standar¢ 
double-lap Epstein square (the standard size is 28 xX 3cm) 
Each pair of 25 x 3cm strips was then joined with adhesiv 
tape to form a 25 x 6cm strip, and these were tested in thi 
Lloyd—Fisher square for comparison with the Epstein figures 
The Lloyd—Fisher figures, before and after shearing, also gave : 
measure of the sheared edge effect. 


From the data given in Table 1, the following conclusions ma’ 
be drawn: 


(a) Agreement between the single-strip and Lloyd—Fisher tests i 
generally better than 2°%. | 

(6) Lloyd-Fisher tests show that shearing strain introduced i 
cutting 7-cm strips down to 3cm in width causes an average los 
increase of 3-5% for non-oriented material and 6:9°% for oriente 
material. 

(c) A comparison of the Lloyd—Fisher and Epstein methods o 
3cm strips shows that, on average, the Epstein reads between 1 an 
wk aa This effect must presumably be attributed to corner-joit 
effects. 


(d) The effects of shearing strain and of corner joints, noted in ( 


and (c) respectively, combine to make the 25 x 3cm Epstein test 
high by an average of 2-1%, compared with the standard 25 x 7cm 
Lloyd—Fisher test, for non-oriented transformer steel. 

The corresponding figure for grain-oriented material is SA, 
Errors of this magnitude do not, of course, occur in routine testing 
of oriented material, because the test strips are strain-relieved by 
annealing after shearing. 


(8.2) Artificial Standard Sheet 


In assessing the performance of the single-sheet tester, several 
difficulties are encountered. In the first place, no standard sheet 
>of known loss is available for checking accuracy. An artifice 
for increasing sheet losses has been devised involving a uniform 
‘winding applied closely round the tested length of sheet, and 
(loaded with a variable resistance and an r.m.s. ammeter. The 
) Sheet loss P; is first measured, at the desired flux density, with 
‘the winding on open-circuit. Subsequently the winding is loaded 
with various values of resistance R. The current J flowing in 
R is noted in each case, and also the wattmeter indication P;. 
If M’ is the mass of iron tested, the specific loss of the sheet has 
been increased by /*R/M’. The test is used to confirm agreement 
between the independent methods of power measurement, i.e. 
that P; —P;=I?R/M’. Agreement within 0-5% has been 
obtained, 


(8.3) Comparison of Lloyd—Fisher and Single-Sheet Grading 


_ Differences between Lloyd-Fisher and single-sheet methods 
‘may be expected for four reasons: 

(a) The act of shearing a whole sheet may relieve some locked-up 
stresses and may introduce further stresses close to the sheared edge. 
Both of these effects may change the losses and permeability. 

(5) The strip sample is not necessarily representative of the whole 

sheet, but only of those parts from which it is cut. 

(c) Some additional loss is caused in the sheet test by eddy currents 
circulating in the plane of the sheet, caused by the normal com- 
ponent of flux transferring from the sheet to the yoke. (This is 
discussed in Section 12.2.) 

(d) The sheet test is performed with magnetization entirely in the 
longitudinal or rolling direction, while B.S. 601 calls for Lloyd—Fisher 
or Epstein samples containing equal numbers of strips cut parallel 
to and at right angles to the rolling direction (or, alternatively, all 
cut at 45° thereto). 

The overall effect of factors (a), (b) and (c) has been measured 

by comparing single-sheet tests with longitudinal Lloyd—Fisher 
‘samples cut from the sheets. Results of a number of these tests 
fare shown in Fig. 9(a), from which it is seen that, although some 
catter or variability exists, the sheet tests are on average 4% 
higher than the Lloyd—Fisher. Most of this difference is due to 
the factor (c). The variability is such that 95% of the points fall 
within a range of error of +4:°7%. 
When Lloyd—Fisher samples containing equal numbers of 
longitudinal and transverse strips are compared with single-sheet 
results, as in Fig. 9(b), the variability is increased to +5-5%, 
‘wing to variation in the ratio of losses measured in the two 
directions. On average, the losses measured by both methods 
re now almost equal, which implies that the increase in sheet 
loss due to factors (a), (b) and (c) is equal to the increase in 
Lloyd—Fisher loss caused by the introduction of transverse 
strips. For thicker sheets and for sheets of lower resistivity 
(lower silicon content) factor (c) increases. Grading limits for 
single-sheet testing are therefore adjusted to ensure that, over 
sy bulk of material, the same percentage is passed into each 
wrade by either method. My, 

Since it is the usual practice to cut transformer laminations 

werallel to the rolling direction, the single-sheet test provides a 
wmeasure of the most significant property. When sheets are 
im ividually graded in this way considerable uniformity of quality 
=~. be expected. The only factors likely to cause variation 
ween the properties of the sheet and of transformer lamina- 
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Fig. 9.—Comparison of iron loss by Lloyd—Fisher and single-sheet 
methods. 


(a) Longitudinal strips. 
(b) Longitudinal and transverse strips. 


tions cut from them are the stresses relieved and imposed by 
shearing. 

Lloyd—Fisher or Epstein testing, on the other hand, represents 
a low sampling rate, and cannot ensure uniformity among all the 
sheets in the sampled batch. 


(9) CONCLUSIONS 


Application of the principles outlined in the paper has resulted 
in the development of a series of equipments for test squares, 
single sheets and single strips, all of which have the merit of 
providing direct readings and overall accuracy of the order of 1%. 

Differences between Lloyd—Fisher and Epstein tests are largely 
explained by the effects of shearing strains, causing the Epstein 
to give higher loss figures. Agreement within 2% is obtained 
between Lloyd—Fisher and single-strip tests. 

The loss measured by the single-sheet tester refers to mag- 
netization in the rolling direction, and cannot agree individually 
with the standard-square methods, though when applied to non- 
oriented transformer sheet it is considered to offer a much more 
satisfactory method of grading than can be achieved by squares. 
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(12) APPENDICES 


(12.1) Effective Length of Overlap between Sheet and Yoke 


In the single-sheet tester described in Section 4, it was found 
necessary to employ a yoke of 4in width, to minimize yoke 
losses and reluctance. If the sheet makes good magnetic contact 
with the yoke the flux transfer may be expected to take place 
close to the point X in Fig. 10. If for any reason an air-gap 
appears between the sheet and yoke the flux transfer is spread 
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Fig. 10.—Joint between sheet and yoke. 


between X and Y, and the effective sheet length is increased. 
To prevent any appreciable variation in the effective sheet length, 


the pole face XY has been reduced to lin. In the worst case, if © 


a relatively large gap appears, the flux transfer will occur in a 
linear manner between X and Y. 
tested length of 60in in the case of the 6 ft tester, or 0-55 %. 
both ends, the error cannot exceed 1:1 %. 


(12.2) Errors due to Normal Component of Flux Passing 
from Sheet to Pole Face 


In passing out of the sheet into the pole face, the normal } 
component of fiux generates eddy currents in the plane of the |] 
The eddy-current path resistance can be increased, and |) 
hence the losses can be reduced, if the sheet projection (Fig. 10) } 
is reduced to zero, but in practice a variable projection is neces- | 
sary for sheets of different length. The problem does not lend [ 


sheet. 


itself to exact calculation. 


The effect on the measured iron-loss of varying sheet length | 
was obtained by tests on long sheets which were steadily | 
diminished in length by cutting equal amounts off each end, so 
that the same part of each sheet was retained in the tester. § 
Typical results are given below for a 4% silicon 0-014 in trans- | 


former sheet at 1-3 Wb/m? and 50c/s. 


Sheet length,in 62 66 72 84 96 Lloyd—Fisher } 
strips 
Relativeironloss 100°8 102-2 103-1 103-9 104:0 100-0 


The tests at 62in had zero projection. 
by this tester is 72 to 96 in. 
ably constant—between 3 and 4%. The error is larger for lower- 


silicon grades because of their lower resistivity, but is still | 
Due | 
allowance for this error is made by methods discussed in /| 
Section 8. In a recent paper Krug!” has utilized a double yoke | 
The 
method has the disadvantage of additional mechanical com- | 
plexity, since the upper yoke has to be raised before removing ‘i 


reasonably constant within the range of tested lengths. 


to reduce errors due to the normal component of flux. 


a sheet. 


[The discussion on the above paper will be found on page 402.] 


If the sheet loss varies as B*, | 
the loss curve is parabolic and the effective sheet length can | 
readily be shown to have increased by 1/3XY, i.e. 1/3in in a | 
In | 
the unlikely event of large gaps appearing simultaneously at | 


The normal range covered 4 
Within this range the error is reason- | 


SUMMARY 


By the use of a feedback amplifier technique, the voltage appearing 
across a search coil wound on a ferromagnetic core can be made to 
pollow any desired driving waveform, and the inherent harmonic 
distortion effects arising from non-linear B/H characteristics are 
educed by an amount approximating to the loop gain. The technique 
s applied in iron-testing circuits and to a.c. bridges to obtain sinusoidal 
(iux waveforms, thereby avoiding errors in loss measurement which 
vould otherwise arise from distortion effects. Three amplifiers are 
employed in a single-strip tester to obtain uniform magnetization over 
the length of the strip. 


LIST OF SYMBOLS 
The rationalized M.K.S. system of units is used throughout. 


a; = Cross-sectional area of iron. 
B = Instantaneous value of flux density. 
Bax = Maximum value of flux density. 
2», 0, = Harmonic content defined in eqns. (8) and (15). 
= / — requency: 
G = Amplifier voltage gain. 
max = Maximum value of magnetizing force. 
h, = nth harmonic content of magnetizing current. 
I = R.M.S. value of current. 
i = Instantaneous value of current. 
k = Transformer turns ratio, N,/Nj. 
1; = Length of iron. 


M = Mass. 

R = Resistance. 
2— Lime: 

V = Voltage. 


v = Instantaneous value of voltage. 
Z = Impedance. 

= Phase angle. 

p = Density. 

w = Angular frequency. 


(1) INTRODUCTION 


When a ferromagnetic material is cyclically magnetized from 
n a.c. source, the non-linear relationship between B and H 
-esults in the generation of harmonic voltages, not present in the 
source, causing distortion of voltage and flux waveforms. The 
mount of distortion increases as saturation values are approached, 
and also as the impedance of the magnetizing circuit increases. 
The problem has been analysed by Astbury! and Macfadyen.’ 

Since certain a.c. magnetic properties—the eddy-current loss, 
he hysteresis loss and hence the magnetizing force—are frequency- 
lesendent, measurements of these properties will be affected by 
be harmonic content present in the flux waveform, and hence 
v the circuit impedance. In the measurement of iron losses it 
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has in the past been customary to specify a heavy magnetizing 
winding and an alternator of large capacity to reduce these 
impedances, so that ultimately the wattmeter coil impedance is 
a limiting factor. In the case of single-sheet and single-strip 
testers having closed magnetic circuits, the magnetizing coil 
resistance and leakage inductance cannot be reduced to values 
which allow of low flux distortion. Shenck? and Cormack* have 
described techniques by which the phase and amplitude of 
harmonic generators, connected in series with the magnetizing 
windings, were manually adjusted to balance harmonics. 

Flux distortion can be limited automatically by the use of a 
feedback-amplifier technique. The amplifier receives a driving 
voltage of the required waveform from an oscillator or signal 
generator, and an opposing feedback voltage from a search 
winding or B coil surrounding the ferromagnetic core. The 
magnetizing current is provided by the amplifier output. If the 
loop gain is high, the feedback voltage will follow the driving 
voltage in magnitude and waveform. The technique, first men- 
tioned by one of the authors,> was subsequently used by Greig 
and Shurmer® for dual-frequency excitation, by Jackson, Melville 
and Sewell’? for non-sinusoidal waveforms, and by George.’ 
A detailed analysis of the problem is given in the following pages. 

The feedback technique enables not only the waveform but 
also the amplitude of B to be controlled. It is therefore possible, 
by using more than one amplifier, to maintain uniform inductior 
at various parts of a magnetic circuit. This scheme finds applica- 
tion in the design of a single-strip tester, where three amplifiers 
are employed to maintain the required flux at the centre and ends 
of the strip. 

A further application is to a.c. bridge measurements of ferro- 
magnetic properties. Several writers?! !! have referred to the 
fact that iron losses inferred from measurements at fundamental 
frequency are subject to errors arising from harmonic distortion. 
A recent paper by Cooter and Harris!? describes a method for 
computing these errors. The present paper shows that, if 
sinusoidal flux is achieved, virtually no error exists, and good 
agreement is obtained between bridge and wattmeter methods. 

The descriptions contained herein of the application of the 
feedback technique to single-sheet and single-strip testers, and 
to Lloyd-Fisher or Epstein squares, are complementary to the 
companion paper,!? which describes loss-measuring techniques. 


(2) DISTORTION THEORY 
(2.1) Sine-Wave Generator 
In Fig. 1, an iron sample is magnetized by a current i flowing 


through a coil of N turns from a generator giving a voltage v. 
Z represents the combined impedance of the generator and the 


Fig. 1.—Magnetizing circuit for iron sample. 
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copper resistance and leakage reactance of the coil. The circuit 


equation is 
UemiZ aaNa Ben v6 tual < tat. SED) 


In the particular case where v is sinusoidal, i.e. 
Urs oe SIGCOT ie we aed Mie Dae amet) 


the magnetizing current i will contain a fundamental component 
and a series of harmonics imposed by the non-linear B/H loop 
characteristics, and may be written 


i= I; sin (wt + $4) = Da fs sin (nwt + fn) . . (3) 
Substitution from eqns. (2) and (3) in eqn. (1) gives 
— Z,1, sin (wt + 4) 
—XZ,zl,sin (nwt + dn) . (4) 


where Z, and Z,, are the values of Z appropriate to fundamental 
and nth harmonic frequencies respectively. This may be expanded 
in the form 


Na;B = Emax Sin (wt + 0) — LZ,l, sin (nwt + dn) . (5) 
where Emax = V[Vmax — Zl) cos $1)? + (Zi J, sin $1)*] . © 


Zyl, sin 1 ) 
= = of ee Bea 7, 
oie on Ca En Zyl; cos py ( ) 


Na,B = Vax Sin wt 


and 


Thus the B wave contains harmonic components not present in 
the generator voltage. From eqn. (5) the mth harmonic content 
of the B wave is 

Liln 
Emax 


nth harmonic amplitude _ 
fundamental amplitude 


bn = (8) 
(2.2) Feedback Amplifier 


In Fig. 2, an oscillator with output voltage v’ is employed to 
drive an amplifier of gain G which supplies current to the mag- 


Fig. 2.—Feedback amplifier control of flux waveforms. 
netizing coil N,. Negative feedback is applied to the amplifier 
input from a search coil N,. It is assumed that the search coil 
is closely wound around the iron sample so that no air flux is 
included, or, alternatively, that an air-flux coil has been used to 
provide compensation. The circuit equation becomes 


Gv’ = N5a;B) S214, iF N,a;B BT it As (9) 
N,a,B + GE = Gu’ —1'z . (10) 
N2 
where ie 


If v’ and i’ have the forms expressed in eqns. (2) and (3), respec- 
tively, eqn. (10) becomes 


N,a,B = Zl; sin (wt + 1) 


— 2 ZI, sin (nwt + ¢,)] 


se GlOMiae sin wt — 


(11) 
= Enax Sin (wt + 6’) — x Z,[, sin (nwt + $,) 


(12) 


1 
1 + Gk 
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t 
| 
where : 


Eban = a VUGV nian — Zils 008 $3? + (Zi sin $7] 
1 + Gk 
(13) 

, ZI]; sin Pe so 14 
and 6’ = arc tan (Gre eM RSET, (14) | 
In eqn. (12) the nth harmonic content of the B wave is | 

see el A (15) | 
1 BOO Gk | 
Comparison of eqns. (8) and (15) gives 
nth harmonic content with feedback ~ bn c I, dB 1 
nth harmonic content without feedback b, In Ejnax = + Gk | ( 
(16) | 


In most of the cases of interest, the series impedance Z in | 
Fig. 1 is not large enough to cause J, to differ greatly from J,. t 
(Both approximate to the values appropriate to sinusoidal flux | 
waveforms for the particular core material.) Also E,,,, and | 
E,,ax Will be approximately equal, and, if Gk > 1, 

ly (CHK 
ie. the effect of feedback is to reduce the harmonic content of | 
the B wave by a factor approximating to the feedback loop | 
gain Gk. By making this factor sufficiently large, the harmonics |} 
may be reduced to any desired level. 


(2.3) Amplitude and Frequency Stability 


If Gk > 1, GV jax > ZT; and GVy4, > Zyl, eqn. (11) gives# 
the expected feedback-amplifier result ; 


(18) | 


i.e. the feedback and drive voltages approach equality. The# 
frequency and amplitude stability of the B wave will therefore « 
be as good as those of the driving source, which is conveniently 4 
a valve oscillator. Thus, in addition to reduction of waveform 
distortion, the feedback method provides a means for obtaining # 
stable B-amplitude and frequency, which greatly facilitates f 
accurate measurements. 
Where tests of similar material are carried out at a high § 
repetition rate, as in single-sheet testing, it is desirable that the d 
driving voltage V,,,, should not require adjustment for each 
successive sheet, in spite of variations in the cross-section a;. 


Now ai = a 


lip 
so that for a fixed length /; and density p, a; is proportional to | 
mass. If a potentiometer is introduced by moving the feedback } f 
point from x to y in Fig. 2, the feedback Voltage becomes } 
N2a;(R;/Rz)B, which gives, using eqns. (18) and (19), 


NR, M 
i. Re Vinax SiN wt 


Thus B, and hence B, will be of constant amplitude if R, is! 
varied in proportion to the mass M, 


N2q;B ~ Vax Si wt . 


t 


(19) | 


(20) 


(3) AMPLIFIER REQUIREMENTS 
(3.1) Degree of Feedback required 
iF 


Writing ln’ Fonte cae 
: 


TESTING BY THE APPLICATION OF FEEDBACK AMPLIFIER TECHNIQUES 


and 
eax : . 
See aa iron impedance at fundamental frequency (22) 
1 
Yh, h 
eqn. (15) bec a 
qn. (15) omes "= 7 1+ Gk (23) 


This equation may be used to estimate the loop gain factor Gk 
necessary to achieve a required level of b,. Fig. 3 shows typical 


1:8, 2:0 


OF} (0:2) O'4,_.0:S4 ©-8i 540M 422 14 1:6 
FLUX DENSITY Bmax ,Wb/m2 


Fig. 3—Harmonic content h, of H wave under sine-wave B conditions 
expressed as a percentage of fundamental H. 


4% non-oriented silicon-iron. 
3% grain-oriented silicon-iron. 


values of the magnetizing-current or H-wave harmonic content 
_ 4, for grain-oriented and non-oriented transformer steels mag- 
_ netized with sinusoidal induction at 50c/s. The third harmonic 
‘ content is largest and lies between 0:5 and 1 at high induction 
| levels (Fourier analysis considerations suggest that, for a mag- 
| netizing current waveform which approaches a delta shape at 
| high fiux densities, h, cannot exceed unity). For example, for 
‘ oriented material at 1:-7Wb/m?, h,; may be taken as 0-7 and 
i hs as 0-4. 

The impedance Z will consist largely of the amplifier output 
| impedance. If triode output valves are used, and if they are 
1 matched into the load impedance Z;, the output impedance may 
| be of the order of 0:5Z;. Making some additional allowance 
{for other circuit components, such as wattmeter coils and 
<ammeters, and for the resistance and leakage inductance of 
coil N,, the total series impedance Z, may be about 0:7Z;. 

A target for low waveform distortion may be taken as 1 % third 
| harmonic, i.e. b;, = 0-01. Inserting appropriate values in eqn. 
( (23) gives Gk = (0:7 X 0-7)/0-01 — 1 = 48 at third-harmonic 
frequency. Similarly Gk = 27 at fifth-harmonic frequency. 

If pentode output valves are used, the amplifier output 
i impedance may be about five times the load impedance, so that 
Gk = 350 for 1% third harmonic and Gk = 200 for 1% fifth 
harmonic. These values are necessarily approximate, but they 
indicate the order of loop gain required. 


(3.2) Amplifier Rating 
Under sine-wave magnetization at high induction levels, the 
ratio of maximum to r.m.s. magnetizing current is high. Since 
a power amplifier output will be limited by maximum rather than 
r.m.s. current, the maximum value is used as a criterion. 
The maximum value of current in a coil of N turns is 
it as Bnaxli 
max N 


and the r.m.s. voltage across the load is V = 4/(2)7BmaxaiNf. 
ne equivalent r.m.s. amplifier rating is 


Tmax 
4/2 ia 
Tis. V: / 2 pa;l; ax ae 
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Typical values for oriented and non-oriented transformer 
steel are given in Table 1. At high induction levels, other silicon- 
steel grades fall between these extremes. In calculating amplifier 
ratings, due allowance must be made for other impedances in 
the magnetizing circuit, and for output transformer losses, etc. 


Table 1 


APPROXIMATE AMPLIFIER RATINGS IN VOLT-AMPERES PER 
KILOGRAMME FOR f = 50Cc/s 


4% silicon 
non-oriented 
e = 7550kg/m3 


3% silicon 
grain-oriented 
e = 7630kg/m3 


Rating 


(4) APPLICATIONS 
(4.1) Lloyd—Fisher and Epstein Testing 
An amplifier of 150 VA rating is used in routine testing equip- 
ment for loss measurements, at flux densities up to 1-5 Wb/m?, 
on samples of up to 1kg of non-oriented transformer steel. 
Fig. 4 compares harmonic contents of the flux waveforms, 
obtained by this method, with those obtained using a 1kVA 


50 


20 


lo 


10 


HARMONIC CONTENT b,, % 


1:04 


cok 


LOSS WITH 1kVA ALTERNATOR 
LOSS WITH 150 VA FEEDBACK AMP 


08 O09 OR 12 13 
FLUX DENSITY Buay, Wb/m? 


RATIO 


4.—Lloyd-Fisher square. Comparison of harmonic content of 
B-wave and of iron loss using 1kVA alternator and 150VA 


amplifier. 


Fig. 


1kVA alternator. . 
150 VA feedback amplifier 
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alternator as a power source. The curves also indicate the 
corresponding change in iron loss. In this instance, the dis- 
tortion arising from the alternator circuit is sufficient to cause an 
iron loss increase of 12% at 1:5 Wb/m?. 


(4.2) Loss Testing at High Flux Densities 


Errors in iron loss measurement at high flux densities arise 
both from waveform distortion and, if dynamometer wattmeters 
are used, from low power-factor limitations. Waveform distor- 
tion errors have been overcome by means of a 1 kVA feedback 
amplifier of a design outlined in Section 10.1. This has enabled 
samples of about 0:5kg to be excited at 50c/s to flux densities 
of 2:0 and 2:2 Wb/m? for hot-rolled and grain-oriented trans- 
former steel respectively, with less than 1% third harmonic in 
the B waveform. 

Phase shift errors arising from inductance in the wattmeter 
voltage-coil circuit can be overcome by interposing a suitable 
amplifier between the B coil and the wattmeter, as discussed 
elsewhere.'3 The principal limitation of accuracy arises from 
the small wattmeter defiections obtainable at very low power 
factors. Using a particular laboratory reflecting wattmeter, an 
estimated accuracy of +2°% was attained when the power factor 
fell to 0-01, corresponding to flux densities of 1-8 Wb/m? for 
hot-rolled transformer steel and 2-2 Wb/m? for grain-oriented 
material. 

(4.3) Single-Sheet Testing 


Single-sheet testing necessarily implies that the magnetizing 
coils enclose one thickness only of sheet, compared with about 
five strips in each limb of a Lloyd—Fisher square, or still more in 
an Epstein square. Moreover, the need for adequate clearance 
for conveying sheets into the test position results in a magnetizing 
coil of two or three times the height of the corresponding Lloyd— 
Fisher coil, which increases the leakage inductance corre- 
spondingly. These factors have the effect of reducing E,,,,, and 
increasing Z, in eqn. (8), so that the magnitudes of harmonics 
in the B wave are increased about ten times. [Eqn. (8) applies, 
and therefore this argument holds, only if a closed magnetic 
circuit is used, and does not apply to open-ended sheet testers.] 
In the single-sheet tester described in Reference 13, which 
employs a magnetic yoke, reasonable waveforms could not be 
attained without a feedback amplifier—in this case one of 1kVA 
trating. 


(5) MULTIPLE AMPLIFIERS FOR UNIFORM FLUX 
DISTRIBUTION 

Dannatt? has pointed out, in discussing a single-strip tester, 
that the accuracy of loss measurement by H-coil methods depends 
on whether the field sampled by the H coil is truly representative 
of the field at the surface of the iron. This was reaffirmed during 
the development of a single-strip tester described in Reference 13. 
As the # coil is relatively bulky, and cannot conveniently be 
placed very close to the surface of the iron, it was desirable that 
the ficid enclosed by the magnetizing windings should be truly 
uniform. In d.c. permeameter practice it is usual to employ 
compensating coils near the ends of the test strips, and to make 
manual adjustments of the currents in these coils until uniform 
conditions are achieved. Shenck? has described a similar manual 
technique in his sheet and strip testers. 

In the present tester, automatic compensation has been 
achieved with an extension of the feedback-amplifier excitation 
method. Three amplifiers are driven from a common source 
(Fig. 5). One of these supplies current to the central parallel 
magnetizing coils. Each amplifier receives a feedback voltage 
from a search coil wound under the appropriate magnetizing coil. 
In operation each amplifier supplies the current necessary to 


MAGNETIZING IRON 
AMPLIFIERS SAMPLE 


OSCILLATOR 


Fig. 5.—Self-compensating system of three amplifiers for 
single-strip tester. 


maintain the voltage in its search coil at the required value. 
Thus B is automatically maintained at a constant value at three 
points representing the ends and the centre of the strip. 

Fig. 6 shows typical results obtained when this system is 
compared with the uncompensated system. Over the length 
covered by the H coils, the uniformity of magnetizing current is 
improved, particularly for high-permeability material [Fig. 6(a)]. 
It is inferred that the A-coil field strength is more truly repre- 
sentative of the surface value of the field. 


= 


it 
LENGTH 


“erases a hh 


— L - 


ENGTH COVERED BY B AND H COILS 
1] ! 


i Te ae 


MAXIMUM MAGNETIZING CURRENT, ARBITRARY UNI 


123 45 67 89 1011 12 1314 1516 17 16 19 
COIL NUMBER 


(b) 


Fig. 6.—Distribution of current in single-strip tester magnetizing coils: 
B=1-:3Wb/m?2; f = 50c/s. 


(a) Grain-oriented transformer steel. 
(6) Non-oriented transformer steel. 


a ae —— _19'collsiin' parallel 
—— X—— X—— 17 coils in parallel; end coils excited by separate amplifiers. 


Two practical difficulties may be mentioned. First, since all | 
three search coils are coupled by a common magnetic circuit, 
the feedback voltage to each amplifier is considerably influenced . 
by the output currents of the two others, and a parallel operation | 
problem arises. Instability was cured by the use of separate . 
h.t. power supplies to output stages, and by limiting the feedback 
to a lower value (35 dB) than was originally intended. Secondly, © 
the inevitable error of the feedback amplifier implies that some | 
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phase shift exists between the search-coil feedback voltage and 
the oscillator drive voltage. As the central and end amplifiers 
were not identically loaded, the phase shift differed, which 
implied that the B waveform changed in phase between centre 
and ends. A test showed that a 1° phase difference caused a 
7% error in the strip-tester loss measurements, and revealed the 
need for accurate phase alignment of the amplifiers. This was 
achieved by resistance-capacitance circuits between the oscillator 
and each amplifier. 


(6) A.C. BRIDGE MEASUREMENTS 


Several writers®: !°. 11 have drawn attention to various aspects 
of the behaviour of a circuit consisting of a linear impedance and 
a non-linear impedance (in the present context an’iron-cored coil) 
in series with a sine-wave voltage generator. Harmonic currents, 

' required by the non-linear impedance, flow through the linear 
impedance, which therefore consumes power at each harmonic 
frequency. Analysis shows that harmonic power terms, of 
identical magnitude but opposite sign, appear in the non-linear 
impedance. This impedance may be regarded as an energy 
‘ convertor, absorbing power supplied by the sine-wave generator 
; at fundamental frequency and converting some of it to harmonic 
| frequencies for absorption in the linear impedance. The mag- 
1 nitude of the non-linear impedance as measured at fundamental 
frequency is therefore dependent on the linear impedance, and 
| is a function of the circuit in which it is measured. 

Dannatt? has applied this analysis in so far as it refers to iron- 
loss measurements, and has shown that a correcting factor 
RUZ + 12+13 +...) representing the harmonic power 
dissipated in the resistive part R of the linear impedance, must 
be subtracted from the apparent fundamental power in the iron 
core, to obtain the true iron loss. Cooter and Harris! have 
shown experimentally the correctness of this analysis, and have 
applied it to bridge measurement of iron losses at flux densities 
up to 1-5 Wb/m?, by measuring the harmonic currents /3, Js, 
I,, etc. The process of measurement and calculation is tedious. 

By applying the feedback technique to the bridge, as in Fig. 7, 


Fig. 7.—A.C. bridge with flux waveform control. 


he flux waveform in the iron core can be made to approximate 
iclosely to a sine wave. Harmonic voltages continue to appear 
across the linear impedance, here formed by the series arm Zp, 
he amplifier output impedance Zp and the copper resistance 
of Z,, (It is assumed here that Zc and Zp have sufficiently high 
walues to be ignored; if not, they modify the effective value of 
Z.) These harmonic voltages are countered by corresponding 
o'tages appearing at the amplifier output terminals. Thus 
harmonic power consumed in the circuit is now supplied by the 
amplifier, and measurements at fundamental frequency of the 
mpedance of the iron-cored coil by normal a.c. bridge or 
4ctentiometer methods are not dependent on other circuit 
<emponents. This technique allows measurements of true iron 
2s to be made, without further correction, at flux densities up 
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to about 1-3 Wb/m?. Astbury’s modification! of the Heydweiller 
bridge is preferred, because it yields the iron losses directly, 
without any corrections for copper losses in the magnetizing 
windings. 

At very high flux densities the harmonic distortion becomes so 
severe that, even with the application of 40dB of feedback, it is 
no longer possible to reduce the flux waveform harmonics to 
levels at which the harmonic power is negligible. Fig. 8 illustrates 
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Fig. 8.—Comparison of bridge and wattmeter measurements of iron 
loss on a sample of 4% silicon hot-roiled transformer steel. 
B= 1:7Wb/m2. f = 50c/s. Mass = 344g. 
(a) Bridge measurement—no feedback. 
(b) Wattmeter measurement—no feedback. 


(c) Bridge measurement—40 dB negative feedback. 
(d) Wattmeter measurement—40 dB negative feedback. 


results of a test to measure the effectiveness of the feedback 
method in bridge measurements on 4% silicon hot-rolled trans- 
former steel at a flux density of 1-7Wb/m?. Maxwell’s bridge 
was used, and a wattmeter was connected into the arm con- 
taining the iron-cored coil, in the manner used by Cooter and 
Harris,!2 to provide a comparison between bridge and watt- 
meter measurements. The curves show the measured iron loss 
plotted against the ratio R;/Z, where Rr is the total series 
resistance in the magnetizing circuit (excluding the effective 
resistance of the iron), and Z is the impedance of the iron at 
fundamental frequency. Curves (a) and (b) were obtained using 
a sine-wave voltage source across the supply terminals of the 
bridge. The apparent iron loss is many times the true iron loss, 
even at point A, which represents the lowest attainable value 
of Rr. Curve (b) shows how the true iron loss, indicated by the 
wattmeter, increases with R;y. This is due to the increased 
eddy-current loss arising from harmonic distortion. 

When the bridge was excited by a 1kVA power amplifier 
using 40 dB of negative feedback, curves (c) and (d) were obtained. 
The flux waveform was now nearly sinusoidal, and the wattmeter 
readings [curve (d)] were constant. The iron loss indicated by 
the bridge balance conditions [curve (c)] still differs from the 
true value [curve (d)], although the error is greatly reduced com- 
pared with curve (a). A measure of the true iron loss can readily 
be obtained by balancing the bridge for two values of Rr, 
obtaining points such as B and C, and extrapolating to D. 

From another viewpoint, the application of negative feed- 
back may be considered to reduce the series resistance by an 
amount approximating to the feedback factor, in this case 
100 times. If the values of Rr applicable to points B and C are 
divided by 100, the points B’ and C’ are obtained, which lie on 
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curve (a). In short, the curve DCB is a replica, on an enlarged 
scale, of the initial part DC’B’ of curve (a). 


(7) CONCLUSIONS 

By the use of a feedback-amplifier technique, the voltage 
induced in a search coil surrounding a ferromagnetic core can 
be made to follow closely a driving voltage of any required 
waveform. Harmonic generation in the B waveform is reduced 
by a factor approximating to the feedback-amplifier loop gain. 

The method has been applied to obtain sinusoidal flux wave- 
form in iron-testing equipment. This avoids errors which arise 
in the iron itself from harmonic eddy-current losses. In circuits 
in which wattmeters are replaced by measurements of voltages 
and impedances at fundamental frequency, of which a.c. bridges 
and the H-coil type of single-strip tester are examples, a further 
source of error, arising from harmonic losses in various parts of 
the circuit, is avoided. Ring samples of non-oriented trans- 
former steel have been excited to flux densities of 2Wb/m? with 
less than 1° harmonic distortion, and bridge measurements are 
quoted for 1-7 Wb/m?. 

Further advantages of the amplifier method arise from the 
high degree of amplitude- and frequency-stability attainable. 
These factors contribute to speed and accuracy of measurement. 
By including a resistance network in which one component is 
made proportional to the mass of the test sample, automatic 
B-setting is achieved without readjustment of the driving voltage. 

The technique has been extended, using three amplifiers, to 
obtain substantially uniform field conditions along the length of 
a single-strip specimen. 

In the Appendices, considerations on the design of suitable 
amplifiers are outlined, and oscillator requirements are stated. 
Reference is also made to an audio distortion indicator. 
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(10) APPENDICES 
(10.1) Amplifier Design 


When the output power requirements and the degree of | 
feedback have been determined, as outlined in Section 3, the } 
general arrangement of the amplifier can readily be determined j 
by conventional methods. Referring to Fig. 2, if it is assumed 
that an oscillator drive of 2 volts is available, the feedback 
winding on the test sample will be designed to provide 2 volts 
at the highest test flux density, corresponding to maximum 
power output. A 27VA amplifier employing a push-pull triode } 
output stage will require 70 volts between its input grids. To } 
provide a loop gain factor of 48 (as required in Section 3.1) “| 
the voltage amplifying stages should provide an amplification of | 
48 x 70/2 = 1680, which may conveniently be obtained by a 
pentode input stage with an amplification of 100, followed by a 
triode stage with an amplification of about 18. ; 

Stabilization of the amplifiers against oscillation follows normal § 
procedure, e.g. as outlined by Macrae.!4 It is found convenient 
to use push-pull stages throughout, because this provides flexi- | 
bility in applying input and feedback signals to separate grids, } 
and enables low-frequency stabilizing networks to be included © 
in long-tailed cathode circuits. A typical amplifying stage is / 
shown in Fig. 9, in which Cy forms a high-frequency correcting | 
network in association with the anode circuit resistors, and C3 9 
forms a low-frequency correcting network in association with !) 
the cathode resistors. Inter-stage coupling time-constants such ) 
as R,C; are made large compared with the two L/R time-constants © 
associated with the shunt inductances of the output transformer 
and the test coil, to ease the stabilization problem. { 

In the design of a larger amplifier of 1kVA rating, intended for © 
wattmeter tests on various types of core and also for a.c. bridge | 
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Fig. 9.—Typical voltage amplifying stage. 


testing, the frequency response of the test core and its associated 
circuit is subject to variation over wide limits. The feedback 
ioop must remain stable in spite of these variations. The problem 
i is accentuated by the variation of shunt inductance of the output 
transformer, resulting from the change in permeability which 
occurs at different excitation levels. The effects of both these 
sources of variation cause difficulty in the stabilization of the 
amplifier. This has been overcome by a subsidiary feedback, 
shown in Fig. 10, which is applied from the amplifier output 
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Fig. 10.—Arrangement of 1 kVA amplifier with two feedback loops. 


‘transformer to the grid of the last amplifying valve. Its effect is 
{to widen the bandwidth of the output stage in the manner shown 
iin Fig. 11(a). At the low-frequency end of the response curve, 
ithe output transformer inductance variations cause the 3dB 
attenuation point to lie between the limits shown by A and B, 
‘without feedback. With subsidiary feedback, the corresponding 
points are C and D, and are equivalent to an increase in trans- 
‘former inductance by a factor of 10. The output stages enclosed 
‘by this feedback loop are now considered as a component of the 
‘main amplifier, having a frequency response within the limits 
defined by curves C and D, enabling the main feedback loop to 
‘be more readily stabilized. Since the amplification of stage 3 
\(Fig. 10) is effectively lost in providing the subsidiary feedback, 
‘an additional voltage amplifying stage is required. The main 
eedback loop is then stabilized in the usual way by appropriate 
networks in the first two stages. Similar networks in the third 
istage are employed to stabilize the subsidiary loop. The main 
Jeop response is shown in Fig. 11(6). 

It is pointed out in Section 3.1 that the higher impedance of 
‘ntodes compared with triodes necessitates a higher feedback 
factor, and satisfactory stabilization becomes more difficult 
te achieve. In designing amplifiers of 60 and 150VA rating 
etploying pentode output valves, it has been found convenient 
< employ a subsidiary feedback loop. This may be considered 
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Fig. 11.—Frequency-response curves for 1 kVA amplifier. 
(a) Subsidiary loop. 
—————— Open-loop response. 
— ——w— Closed-loop response. 
(6) Main loop. 
to reduce the output impedance of the pentode (by a factor of 
10 if 20dB of feedback is used) so that considerably less distor- 
tion is produced in the iron, and the feedback requirement in 
the main loop is correspondingly reduced. 


(10.2) Oscillator Requirements 


When applied to iron testing, it is desirable that the oscillator 
should have frequency and amplitude stability of the order of 
0:1%, and low harmonic content. When the oscillator is used 
at 50c/s, the mains frequency may differ slightly and a beat- 
frequency component may appear in the output. It is therefore 
important that the oscillator should have a low mains-hum 
content. 

The Wien bridge oscillator satisfies all these requirements, 
and is discussed elsewhere. !> 


(10.3) Audio Distortion Detector 


When a feedback amplifier is driven beyond its maximum 
signal-handling capacity, there is a sudden transition from 
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Fig. 12.—Audio distortion detector. 
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undistorted to heavily distorted output. It is important to the 
accuracy of the applications described in the paper that testing 
should not be continued if overloading occurs. A simple audio 
monitor, shown in Fig. 12, has been found particularly suitable 
as a warning device. The voltage appearing across the B-coil 
is applied to a filter which attenuates the fundamental frequency 
while accepting harmonics. In normal operation, no harmonics 
are present and the loudspeaker which follows the filter remains 
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silent. If the power amplifier is overloaded, harmonics appear 
across the B-coil, and are transmitted through the loudspeaker, 
giving audible warning. 

A simple form of filter is shown. The time-constants R,C, 
and RC, are chosen to produce a bass cut from 500c/s. Thus 
a 50 or 60c/s test frequency is attenuated about 40dB, which 
suffices, in combination with the low bass-sensitivity of a small 
loudspeaker, to silence the 50 or 60c/s note. 


DISCUSSION ON THE ABOVE THREE PAPERS BEFORE THE MEASUREMENT AND CONTROL 
SECTION, 11TH MARCH, 1958 


Mr. C. E. Webb: The application of the feedback amplifier 
equipment described by Messrs. McFarlane and Harris to a.c. 
bridge tests is of particular interest, since one of the most serious 
limitations to the use of such methods is the distortion normally 
produced in bridge circuits. Many years ago Mr. Ford and I* 
showed that bridge and wattmeter tests gave consistent loss 
results when the power associated with harmonic components of 
current and voltage was allowed for: Fig. 8 of this paper gives 
direct proof of the identity of the values obtained by the two 
methods when ideal conditions are realized. 

The paper by Messrs. Blomberg and Karttunen describes a 
large volume of careful work, but in the absence of empirical 
confirmation of the accuracy obtained there are one or two 
points which raise doubts. The main difficulty in measurements 
of this kind is usually the correct assessment of H. In 
Section 3.2.1 the authors estimate that their arrangement of H- 
coils involves an error of about 0:5%. The derivation of this 
figure is not clear, and in view of the well-known dependence of 
a.c. potentiometers—and their H-coil is essentially an a.c. 
potentiometer—on precise location of the ends and uniformity 
of winding, a larger error might well be expected. I am also 
puzzled by the statement at the end of Section 4.1 that ‘the 
magnetizing curves at 50 and 200c/s agree perfectly within the 
limits of accuracy of reading of the measuring instruments’. 
Since they find, in agreement with Edmundson and Brailsford, 
a considerably lower permeability with 50c/s than with d.c. 
magnetization, presumably due to eddy currents, a further con- 
siderable reduction in permeability with 200c/s magnetization 
would be expected. 

In the paper by Messrs. McFarlane, Milne and Darby the 
comparative results in Table 1 are of considerable interest. 
The agreement between single-strip and Lloyd—Fisher results is 
satisfactory, but it is difficult to account for the 1-2°% discre- 
pancy between Lloyd—Fisher and Epstein squares. It appears 
to be common experience that the Epstein square gives lower 
loss values than the Lloyd—Fisher—I have found discrepancies 
of 3%—and the authors say that this is ‘presumably due to 
corner-joint effects’. I have tried to find such an effect which 
would account for the lower Epstein values, but the departures 
from the assumed ideal conditions which occur seem, in general, 
to favour the opposite tendency. For example, longitudinal 
non-uniformity of B due to the reluctance of the corner joints 
is known to produce a reduction in the apparent loss per kilo- 
gramme, but such non-uniformity is normally less in the Epstein 
square than in the Lloyd—Fisher square. Eddy-currents due to 
the normal component of flux in the overlapped parts of the 
circuit provide a possible explanation. An attempt I made to 
obtain evidence for this effect by separating the losses in com- 
parable Lloyd—Fisher and Epstein tests was inconclusive, since 
the limits of error in the separation were of the same order as 
the differences to be detected. I should be interested to know 
whether the authors have any evidence bearing on the point, 


* Wess, C. E., and Forp, L. H.: ‘Alternating-Current Permeability and the Bri 
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which: is of practical importance in connection with the 
standardization of apparatus for loss measurements. 

Mr. D. Edmundson: The papers by Mr. McFarlane and his 
colleagues are particularly welcome in putting on record work 
which has been carried out over the last few years with con- 
spicuous success, and which has already attracted grateful 
imitators. I believe their whole-sheet tester to be the most satis- 
factory ever developed for this purpose; but it is an interesting 
exercise to count from Fig. 9 of Paper No. 2553 how many 
sheets passed by the tester could yet have been rejected on 
subsequent testing by orthodox means. 

It seems likely that this development has become established 
at a moment when it is likely to pass into history. Whole-sheet 
testing is economically justifiable only for the low-loss trans- | 
former grades, which constitute perhaps 30% of the total output 
of magnetic steel. Within two years from now, or perhaps 
earlier, nearly all transformers in Britain will be made from grain- 
oriented steel, which is made in the form of continuous strip. . 
Now this tester will not handle continuous strip; but even if it 
could, or if it were used on that proportion of the output sold 
as sheet after cutting from the coil, it would still be ineffective, 
for this material is produced in such a way that its final properties 
are not developed until it has received a strain-relief anneal, 
which is not given until it has been cut into transformer 
laminations. 

The feedback supply oscillator described in the paper by 
Messrs McFarlane and Harris, however, has a real future, and 
is in a sense already classic. The authors are ingenuous in 
comparing it with a 1kVA alternator, for it is easy and economic 
to make alternators with much larger outputs, or very low 
impedance. This method of supply would have been ideal for 
the tester described in the paper by Messrs. Blomberg and — 
Karttunen, for they seem to fall into the difficulty of having 
produced a measuring system which would have been excellent 
if their waveform had been pure, but a tester whose leakage flux 
is such that a pure waveform is impossible without a feedback- 
amplifier supply. I should like to know more about the per- | 
formance of their H-coil, which is a disjointed magnetic potentio- | 
meter and looks dangerously susceptible to radial flux com- | 
ponents, which must be characteristic of their tester. 

Mr. L. W. Law: My remarks concern the paper by Messrs. 
McFarlane, Milne and Darby and have particular reference to 
the single-sheet testers. The authors refer to the commercial 
application of two such machines, for testing 8ft and 6ft sheets | 
respectively. These have been in operation for some time, the 
8ft one for 11500, and the 6ft one for 7500, operating hours. 
About six sheets a minute are tested, and there are three operators. 
There are frequent checks of the accuracy of the behaviour of 
the plant, and checks on the oscillator frequency have never 
been found to be more than 0:3% out. There are built-in cali- 
bration checks which are used daily, and every hour a known 
sheet is put through the tester to check any drift which may 
have taken place during that time. The overall calibration of 
the machine is done in the following way. For each batch of 
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material which is graded a sheet is taken and its actual power 
loss is measured. A test piece from that sheet is cut to Lloyd— 
Fisher size, half with and half across the grain, and is subjected 
to the Lloyd—Fisher test. These results are analysed and at 
intervals, if necessary, the calibration of the machine is altered. 
This takes into account all the errors and is based on the principle 
that only sheets showing the specified loss for the grade or less 
are passed for that grade. 

Much use has been made of this machine in experimental 
processing of sheets. The loss of a sheet can be measured, the 
sheet can be subjected to further processing and then remeasured, 
thus directly showing the effect of the process. 

Mr. A. C. Lynch: I refer to that part of the paper by Messrs. 
McFarlane and Harris which deals with bridge methods. 

Fig. 8 suggests that bridges are less satisfactory than watt- 
meters; but is it really necessary to use R,/Z ratios as high as 
those shown? Might this graph, while giving a vivid impression 
of the error which could arise in an unfavourable case, 
exaggerate what would occur in a typical measurement? By 
using widely differing values of Zz and Z-—such as 1 ohm and 
100 kilohms—we have reached a value of R;/Z of 0-3 at 
15kG. These extreme values of Zz and Zc might be expected 
to lead to low sensitivity, but they do not. 

There are two possible reasons for preferring bridges to watt- 
meters. First, since the quantity measured by a wattmeter 
varies approximately as the square of the flux density, while 
that measured by a bridge is nearly independent of it, the errors 
m calibrating and reading the instruments can accumulate in a 
wattmeter method but can scarcely affect a bridge. Second, 
bridge methods are more suitable for dealing with the very small 
cores, weighing only an ounce or so, which are convenient for use 
in laboratory experiments with new materials or heat treatments. 

Mr. E. Rawlinson: I am pleased to see the papers by 
McFarlane et al., because we were fortunate enough a few 
years ago to receive a good deal of information from the authors, 


, and we built an equipment similar to that described, which 
' proved very satisfactory. We can fully support the claim of 
| about 1% for the square testers, in particular for the Epstein 


square, which we have mostly used. I think that the general 
point can be made that electronic methods have been introduced 
into precision iron-loss measurements to such an extent that the 


| time taken in measurement is now purely a question of weighing 


the steel and assembling it into the tester. 
We have checked the actual instrument error in the watt- 
meter against a standard electrodynamic wattmeter and have so 


| far failed to find more than +0-1% error at full scale, even at 


low power-factors. We use wattmeters of the portable type 


‘with rather more delicate suspensions and have maximum 


deflections for power factors of 0:05 or less. With such an 
instrument we can measure up to quite high flux densities, in so 
far as the wattmeter will still be accurate, and for a power 
factor of 0-05 we get full-scale deflection for about 15-5kG for 


. 4X silicon hot-rolled steel and 19kG for cold-reduced oriented 
: steel. 


In the whole-sheet tester it would be interesting to know 
what uniformity of flux density is obtained in the sheets, and 
how many parallel coils are used for this. It is also stated that a 


'1kVA amplifier is necessary with feedback to produce a sine 


wave. How much distortion is actually present there, and can 


 e whole-sheet tester be used for flux densities exceeding 13 kG? 


With the single-strip tester, where a uniform flux is established 


- 24d where the measurement is made with the aid of B- and H- 


evils, is not the answer the true specific loss of the material? 
Dr. O. I. Butler: At Sheffield, Dr. J. N. Fletcher and I have 


‘ eeveloped an alternative method to that described by Messrs. 


| “IcFarlane and Harris for controlling the flux waveform in iron 
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testing by means of a feedback amplifier. The main advantage 
of our method is that the amplifier is required to supply only 
the harmonic apparent power, the fundamental excitation being 
supplied directly from the 50c/s mains. Thus the output of the 
feedback amplifier is injected into the excitation circuit, in series 
with the 50c/s mains, via an acceptor circuit tuned to 50c/s. 
As in the case of the authors’ method, any waveform of excitation 
can be impressed upon the specimen. In particular, for sinusoidal 
magnetizing forces rather than sinusoidal flux conditions of the 
specimen, the total supply apparent power is required to be of 
fundamental frequency only. Hence, the amplifier used in our 
method is not required ideally to supply any apparent-power 
output in this particular case; its function is merely to provide 
harmonic voltages to balance those generated by the specimen 
and thereby suppress the circulation of harmonic current. Our 
interest in this condition is a practical one, since it more closely 
approaches the high magnetization conditions actually encoun- 
tered in many rotating a.c. and d.c. machines. 

I presume that the authors will agree that their use of three 
amplifiers in parallel, to obtain uniform loading along the length 
of the specimen, is inadmissible for any waveform other than 
sinusoidal flux, since it is virtually impossible to use an RC 
circuit to compensate for the relative phase shifts of the ampli- 
fiers in respect of the harmonic, as well as the fundamental, flux. 

Messrs. McFarlane, Milne and Darby claim that the ‘parallel 
connection of the sections of the magnetizing coil, combined 
with the low reluctance of the yoke, provide an adequate degree 
of flux uniformity along the length of the specimen’. It would 
be helpful if a quantitative statement could be made on this point. 

Mr. P. H. King: I was interested in the mention of phase shift 
between the three amplifiers driving a single-strip tester, referred 
to in Section 5 of the paper by Messrs. McFarlane and Harris, 
having had experience of a very similar arrangement. I should 
like to know how this phase angle was discovered and measured, 
since it will not be obvious that an error exists in an apparatus 
based on first principles. Fig. 6 illustrates a useful aspect of 
compensating amplifiers, where, instead of several coils contri- 
buting increasing amounts of compensation to the loss outside 
the length of sample being measured, the separately driven coils 
take on the whole job. All the other coils then take equal 
current, which means that the parallel connection of many coils 
is no longer necessary and a single coil would function equally 
well. Using a central coil about 10cm long between com- 
pensating coils each 5cm long, we have experienced no trouble 
from phase shift, and tests with search coils have demonstrated 
uniformity of magnetization within +4°% along the central 
measurement section. This is probably due, as the authors 
suggest, to the fact that our three amplifiers have much more 
nearly similar loads. 

In Section 7 of the paper by Messrs. McFarlane, Milne and 
Darby, where the calibration of these equipments is described, 
no mention is made of any built-in frequency check. Any 
change in frequency would immediately lead to errors in cali- 
bration, and it would seem advisable to include in such 
apparatus a frequency standard such as a crystal oscillator. 

Rectifier meters are often used in the circuits described. The 
normal meter rectifier tends to be too temperature-sensitive to 
provide the 0-1°% accuracy aimed at in individual measurements, 
and I wonder whether any special precautions were taken to 
compensate errors arising from variations in the ratio between 
forward and reverse impedance. Wherever a peak voltage is 
measured by the average of its differential (as in the B,,,, and 
Hymax citcuits), this ratio must be maintained at a high value. 
Thermionic rectifiers or silicon diodes would seem the best 
choice. 

Mr. G. W. Eastwood: I hope to publish shortly a paper 
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describing a bridge for measuring iron loss which is very similar 
to that described by Messrs. McFarlane and Harris. Once the 
specimen flux waveform has been made sinusoidal, the loss 
may be measured by any kind of bridge, but the most suitable 
are those such as the Hay bridge used to measure the equivalent 
shunt components of the mutual admittance between two equal 
windings on the specimen. The power loss is then V2G, where 
V is the r.m.s. voltage—which can be measured with any kind 
of meter, since no form factor problem arises—and G is the 
measured shunt conductance. The authors used a Maxwell 
bridge, which measures series components, so that a more 
complicated calculation is required. Why did they do this? 
Bridge methods have the advantage that they depend only on 
balancing voltages in passive networks which can be made from 
precision components; such networks work equally well at high 
or low levels and so for large or small specimens. The subse- 
quent amplifier must be selective, since the bridge is not balanced 
to the harmonics, but its gain need not be known exactly. This 
is in contrast to the use of amplifiers to drive a wattmeter when 
small specimens are measured, where the amplifier gain and 
phase shift must be critically controlled over a wide frequency 
band. I have found a selective amplifier using parallel-T feed- 
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back circuits to be satisfactory, and I should like to know what 
kind of detector the authors used. 

With a commercial power amplifier about 20dB of feedback 
can be obtained without special shaping of the feedback loop, 
and this is sufficient for measurements at inductions up to 
15kG in silicon-iron and 6kG in high-permeability nickel-iron. 

Dr. D. Hughes: In Section 4.2 Messrs. McFarlane and Harris 
refer to the dB/dt waveform as containing less than 1% third- 
harmonic distortion. Have they related this percentage dis- 
tortion to the variation in form factor from that of a sine wave? 
I believe this to be an important point, for the form factor is 
present as a squared term in the equation for the loss when one 
specifies as a parameter the peak value of the induction. It is, 
however, somewhat difficult to arrive at an accurate value for 
the form factor of a given waveform. If one measures upper 
harmonics with a waveform analyser and endeavours to infer 
the form factor, the calculation becomes intractable: if, on the 
other hand, one endeavours to measure the form factor directly, 
one is at once presented with the problem of producing an 
accurate mean-responding voltmeter. This is a point in which 
I have been interested for some time. Could the authors 
elaborate on it? 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Professor H. Blomberg and Mr. P. J. Karttunen (in reply): 
First, we wish to thank Mr. Webb and Mr. Edmundson for the 
kind esteem they have shown our work, and since their comments 
and questions tend to be related, we shall comment on them 
together. In their remarks relating to the H-coils both stress 
the weak point of our tester. The H-coils are one of the 
details mentioned in the Introduction which have not been 
sufficiently studied, since our primary aim was to produce a 
working entity. Attempts were made to restrict the measuring 
region to that part of the test specimen where the radial field 
would be as low as possible. The constants for each component 
coil were determined by compensation measurement in a homo- 
geneous magnetic field. The error of 0:5°% mentioned in 
Section 3.2.1 only takes into account the circumstance that the 
axes of the radial component coils 1 and 6 cannot be placed 
immediately to adjoin the ends of the axial coil. This value 
was calculated from curves showing the variation of the axial 
and radial component of magnetic field strength measured in 
the first stage of the design work. Theoretically, the radial 
field in the measuring section can be made arbitrarily small by 
increasing the length of the test specimen and the magnetizing 
coil. However, there are other critical circumstances connected 
with the H-coils, such as the finite cross-section of the coils, 
the spaces between component coils 2, 3, 4 and 5, the small 
space between the ends of the test specimen and of component 
coils 1 and 6, and the influence of the inductance and capaci- 
tance of the coils, although the calculated angular error these 
cause amounts only to about 0:01’. It is interesting to note 
that, although a fairly strong radial field exists in the vicinity 
of the test specimen, its effect in the measurement of the iron 
losses is comparatively negligible. We have performed an 
experiment in which, at one and the same magnetization, the 
readings of the H,,,, and Pr, instruments were recorded as a 
function of the distance between the test specimen and the 
H-coils. The increase of the H,,,, reading with increasing 
distance demonstrated the presence of a fairly strong radial field, 
but the reading of the Py, instrument remained practically 
constant. This shows that there are phase differences in the 
field in the vicinity of the test specimen. We regret the observa- 
tion made at the end of Section 4.1 to the effect that ‘the mag- 
netizing curves at 50 and 200c/s agree perfectly within the 


limits of accuracy of reading of the measuring instruments’, | 


since this is not strictly true. Checking this circumstance, we 
found that in the measurements on which this observation was 
based the difference between the curves obtained at 50 and 
200 c/s was small, indeed, but this is only a particular case and 
it is due to the fact (as could be ascertained by purely theoretical 
calculations as well) that in these sheets the effect of the eddy 
currents is small. However, the difference between the d.c. and 
a.c. curves shown in Fig. 14 cannot result from eddy currents 
alone, since, calculating from the permeability (0-006 8) corre- 
sponding with the plot for H=1-lamp/cm and from the 
conductivity of the sheet in question (2:7 x 10* mho/cm), the 
average decrease of density at 50c/s caused by the eddy currents 


in a 0:5mm sheet of infinite extension, the result is found to be © 


only about 1%. In the Figure the difference between the d.c. 
and a.c. curves at H = 1-1 amp/cm is about 20%. 
Messrs. J. McFarlane, P. Milne, J. K. Darby and M. J. Harris 


(in reply): Mr. Webb and Mr. Rawlinson have commented on | 


the Lloyd—Fisher and Epstein testers. We note with interest that 
Mr. Webb has also found that Epstein tests produce lower loss 
figures than the Lloyd—Fisher ones, but we are unable to offer 
further explanation of the reasons for this. 
application of low-power-factor wattmeters has usefully extended 
the upper limit of test inductions. 

Various questions have been asked regarding single-sheet and 
strip testers. 
sheet tester, each magnetizing coil is 3in long, requiring 28 
parallel coils over a 7 ft test length. At 13kG the third-harmonic 
content is 1%. The tester was designed to operate at 13kG, 


and the amplifier overloads at about 14-5kG. The following | 
Table shows the degree of flux uniformity achieved in the single- . 


Relative flux density 


Test length 
measured from 
pole tip 


Sheet tester Strip tester 


% 
98-7 
99-0 
99-8 

100 


Mr. Rawlinson’s | 


In reply to Mr. Rawlinson’s questions on the | 
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sheet tester, and also—in answer to Dr. Butler—in the low-loss 
yoke type of strip tester which employs seven parallel coils. 

In applying the 3-amplifier method to strip testers we agree 
with Mr. King that a single central coil is permissible, and we 
note with interest his success in its application. Phase-shift 
errors were deduced from measurements of the open-loop gain 
and phase shift of each of the three amplifiers. Their effect on 
loss measurements was measured by interposing a known phase- 
shift circuit between the oscillator and the amplifier. We agree 
with Dr. Butler that, so long as phase shift is present, the 
3-amplifier method can be used only for sinusoidal waveforms. 
With nearly similar loads, as used by Mr. King, phase shift may 
no longer be troublsome. 

The magnetization system which Dr. Butler describes has the 
merit of requiring a somewhat smaller amplifier, but its usefulness 
is limited by the voltage and frequency stability of the mains 
supply. 

Mr. King also mentions the need for checking oscillator fre- 

quency. We have used the amplifier to drive a synchronous- 
clock motor, which is compared with a stop-watch over a period 
of several minutes. As a further safeguard, the Wien-bridge 
circuits which determine oscillator frequency are chosen to have 
zero temperature coefficient. Temperature effects on instrument 
rectifiers have been overcome, as Mr. King suggests, by employ- 

_ ing silicon diodes, which are preferred to thermionic diodes. 
Dr. Hughes points out that the calculation of form factor from 
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waveform-analyser measurements is intractable. For a given 
set of circuit conditions, the relationship could be measured 
empirically, but we have not attempted to do this. Fig. 4 of 
Paper No. 2554 suggests that, for a particular circuit, a loss error 
of 1% will arise (at 1-27 Wb/m?) when the third-harmonic 
content is 8%. A lower value is desirable to reduce errors still 
further, and it is probable that a value of 2% or even 5% would 
be permissible in many cases. Our choice of 1% of third 
harmonic is considered to be a very safe target, and it has proved 
to be readily attainable. 

Messrs. Lynch and Eastwood have commented on the advan- 
tages of bridge measurements over wattmeter methods. At 
present we prefer the direct-reading wattmeter methods for 
large-scale testing at power frequencies, because of the shorter 
testing time. The bridge is used at higher frequencies, and also 
for tests on samples of low mass. 

In reply to Mr. Lynch, the values of R,/Z in Fig. 8 of Paper 
No. 2554 were higher than might be obtained in a typical case, 
partly because the arm Z, also included a wattmeter, and partly 
because the impedance Z had to be low to match the output 
impedance (24 ohms) of the amplifier available. We agree with 
Mr. Eastwood that the Hay bridge is normally preferable to the 
Maxwell bridge, but in the case quoted we required the effective 
series resistance of the bridge arm before subtracting the watt- 
meter coil resistance. Our bridge detector, like Mr. Eastwood’s, 
employs a parallel-T feedback network. 


DISCUSSION ON 
‘CHOICE OF INSULATION AND SURGE PROTECTION OF OVERHEAD 


Mr. W. P. Leech (at Dublin): A distance of about one mile is 
quoted as the length to which earth wires should extend from a 
station, but I think that this statement might be qualified in some 
way depending on whether rod gaps or surge diverters constitute 
the station protection. With rod-gap protection I think that a 
length of even more than a mile of earth wire might be required 
so that steep incoming waves might be sufficiently attenuated to 
allow the rod gap to give reasonable protection. With surge 
. diverters, on the other hand, what is required, I think, is a 
; sufficiently long earth-wire section to ensure that the surge 
impedance of the line might be effective in reducing the current 
amplitude and the rate of rise of current, and so limit the voltage. 
In this case a shorter distance, possibly half a mile, might suffice 
for most waveshapes experienced in practice. 

The use of unearthed metal cross-arms is mentioned as a 
possible means of improving line performance, but while this 
might be valid for systems employing a solidly-earthed neutral, 
{it would, I think, require to be qualified for systems earthed 
through arc-suppression coils. The use of unearthed metal 
eross-arms on such a system might merely result in a reduction 
1u the number of single-phase earth faults, which would of them- 
se'ves have been relatively innocuous in any case, and an increase 


* Tuomas, A. Morris, and OAKESHOTT, D. F.: Paper No. 2158 S, August, 1956 (see 
(24 A, p. 229). 
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in the number of 2-phase or 3-phase faults, with consequent 
circuit-breaker operations and possible interruption of supply. 

Dr. R. C. Cuffe (at Dublin): The authors state, first, that only 
strokes to ground are of importance in overhead-line trans- 
mission, and secondly, that indirect lightning strokes are now 
known to be of no practical importance on systems operating at 
about 33kV and above. It is rather hard to accept in toto these 
two statements. Do the authors contend that the phenomenon 
described as ‘release of bound charge’ on a conductor resulting 
after a cloud-to-cloud discharge could not initiate a surge of 
sufficient magnitude, say, on a tail-fed 33 kV transformer feeder 
to cause trouble at the transformer if the latter were within a 
mile or so of the disturbance? 

Again, it is felt that induced surges are at least somewhat 
responsible for the known higher fault rates of lower-voltage 
systems such as 33kV when compared with those of 132kV 
systems. Do the authors attribute the substantial differences in 
the fault rates solely to the greater ability of the 132kV system 
to ‘digest’ more direct strokes? 

From an analysis of fault statistics in Ireland it would appear 
that, while published meteorological data shows a variation of 
about 3 or 4 to 1 in the isoceraunic levels of various parts of the 
country, the lightning fault rates between various areas (as 
derived from statistics on lines of similar voltage design and con- 
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struction covering some 20 years’ operation) show well-estab- 
lished variations of perhaps 15 to 1 or more. Can the authors 
advance any explanation for this divergence? 

Mr. P. P. Bonar (at Dublin): Methods adopted to provide 
against the effect of atmospheric pollution of line insulators do 
not appear to follow any set pattern. We know of many different 
practices for combating the deterioration of insulation due to 
salt deposits or industrial pollution, e.g. the application of waxes 
or greases of the silicone type to the insulators, and the develop- 
ment of special forms of insulator sheds designed to give a 
longer overall creepage path or extra shielding to the underside 
of the sheds. The anti-fog types of insulators used in Great 
Britain are of such a form as to combine longer leakage path with 
fuller shielding of the underside of the shed, but I am sceptical 
about the value of this extra shielding as protection against con- 
tamination, particularly in coastal districts and in the more 
severely polluted atmospheres of industrial areas. Severe 
contamination of the shielded portions of insulators does occur, 
and I have seen insulators returned from service with their under- 
sides completely encrusted. The additional shielding would 
seem to present little protection against contamination and at the 
same time to prevent any beneficial washing effect of driving 
rain. The value of lin per kilovolt between phases is quoted 
by the authors as the minimum creepage path for insulation in 
polluted areas, but even this is considered inadequate for the 
highest system voltages and a greater value is suggested in such 
cases. Perhaps the authors would say whether the longer 
creepage path recommended is, in actual fact, a minimum require- 
ment for the higher-voltage systems, or is it recommended merely 
to provide a higher factor of safety? 

In regard to wood-pole systems, it is accepted that an increase 
in insulation of approximately 5OkV per foot of wood can be 
taken when considering insulation strength against impulse 
surges, but from the point of view of power-frequency surges 
what insulation value, if any, can be taken for wood? 

Mr. A. Burke (at Dublin): Monumental work has undoubtedly 
been done on lightning, but the end is not yet in sight. Extensive 
and laborious observations and measurements have been made 
and conclusions have been drawn. While these reasonably fit 
the particular circumstances, they may be only partly correct and 
hence inapplicable for general theory. Some factors, such as 
isoceraunic level, are so unsure that conclusions on associated 
problems may well be invalid. 

In particular, the present lack of knowledge of the properties 
and mechanisms of the lightning channel makes highly prob- 
lematical all theories on the detailed merits of variations in insula- 
tion, clearance, tower height and earthing at and near the point 
struck. It is not clear to what extent the properties of the 
channel are affected by those of the point struck, and vice 
versa. 

Likewise there appears to be little exact knowledge on induced 
strokes. They are dismissed as being of no importance on 
systems higher than 33kV, that is, they do not exceed about 
300kV. It seems, however, that with, say, six 110kV lines 
entering a station, a stroke in the vicinity of the station may 
induce 300kV in each line, thus giving 1800kV on the main 
busbars. Further, on passing through the transformers, the 
three phases would add up on the neutral bar, thus giving on the 
arc-suppression plant a voltage corresponding to 18 times the 
initial surge of 300kV. Tertiary windings are likewise affected, 
but inversely as the number of transformers in service. J should 
value the authors’ comments on this point. 

Mr. F. S. Edwards (at Manchester): Calculations are given in 
Section 7 of the estimated performance of lines when subjected 
to lightning strokes. These calculations are based on the 
assumed isoceraunic level, which itself is a very uncertain 
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quantity and varies from year to year and from place to place 
even over a small area. 

The authors say that this level is not an accurate measure of 
the frequency of lightning strokes to earth, and indeed the 
selection of round numbers for « in eqn. (4) indicates the essential 
lack of precision of the calculations. I should say that I have not 
overlooked the remark that high absolute accuracy cannot be 
expected. 

The only effective check on the accuracy of the predicted per- 
formance of a line is the actual performance, and it is on this 
point that I have looked in vain for information in the paper. 
In the absence of reasonable correlation between theory and 
practice the calculations are only mathematical exercises and 
are of no use as a guide to the design of line insulation. 

If shortening necessitated the deletion of data on actual per- 
formance, or if the authors have accumulated records of faults 
since the paper was written which confirm their predictions, I 
hope that they will be able to include some of them in their reply, 
as I am sure that such data will be of great interest and value. 

Mr. F. Mather (at Manchester): The voltage developed across 
the inductance of a steel tower or a down-lead to earth on a 
wood-pole line, when the steep front of a surge is passing, may be 
extremely high, say 100kV, with a current of 20kA and a wave- 
front of Imicrosec. This voltage will not coincide with the 
drop across the footing resistance, so the two values will not 
be additive. Can the authors confirm that there is no point in 
spending money on a lower footing resistance than is necessary 
to ensure that the peak value of Ri does not exceed that of 
difdt? 

Fig. 2 shows that in 20% of strokes the current exceeds 40kA, 
so that to obtain 80% protection it appears necessary to cater for 
currents of 20kA flowing each way when a line is struck. 
Currents of 20kA produce such high voltages in diverters and 
their connections that the degree of protection appears doubtful. 

The authors refer to an average waveshape of 5-25 microsec, 


whereas a recent foreign summary indicates that in 50% of © 


surges the current front is below 2 microsec. This value would 
appear to have a considerable bearing on the risk of back- 
flashover. It is surprising to note from Section 4 that the surge 
resistance of a rod or plate electrode is equal to, or lower than, 


the low-frequency resistance, whereas for a strip electrode it may ti 


be about 150 times as great. 

Section 7 shows that on overhead lines without earth wires 
and with an impulse level below 1 000kV, all strokes exceeding a 
few hundred amperes will cause flashover to an adjacent tower 
or phase conductor. Since practically all strokes will exceed 


this value, does it not follow that, on 33kV wood-pole lines, } 


flashover will almost invariably occur and cause the line protec- 
tion to operate irrespective of the provision of diverters at the 
ends of the line? 


Do the authors advocate the use of high-speed reclosing switch- / 


gear on 33kV as well as lower-voltage systems in preference to 


attempts to afford protection by increasing the insulation level 4 


or use of diverters? Is any information available as to the effect 
of rapid reclosing on motors? 

Mr. W. H. Thompson (at Manchester): Reference is made to 
the IE.C. relationship between system voltage and power-fre- 
quency and impulse withstand voltages. It is then stated that 
a different method of approach will be required for lightning. 
Surely the LE.C. provision caters for this in that the power- 
frequency test proves insulation for system over-voltages, and 


the impulse test proves the same for impulses, including lightning | 


up to the limit of the basic impulse level. 

The statistics on lightning probability can be only very approxi- 
mate. For instance, the paper quotes the velocity of the leader 
stroke as 200km/sec, which is equal to 0-6ft/microsec. An 
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American authority quotes the leader-stroke velocity as anywhere There is no reference to the work by E.R.A. and others on 

between 0-25 and 3-0ft/microsec. surge diverters, and I would also have expected some comment 
In Section 2.2 the effect of high footing resistance is mentioned, on the effect of a cable termination. 

_ together with that of the junction of earth wires and neighbouring In Section 3 one mile is quoted as the distance from the station 


towers. This same effect applies with low footing resistance. for the installation of double earth wires. Is this still an arbi- 
It would be useful if the authors could give some statistics on trary figure or has it been confirmed by observations or calcula- 
- currents through surge diverters, as these are also a junction tions of the authors? 
- effect on the line. Pa The effect of installations for cathodic protection of pipe lines 
fF The statement on indirect strokes being of no value is extremely has been considered previously only in respect of neighbouring 
interesting, as it is just the opposite to what was expressed quite cables. We have experienced recently a case where a nearby 
‘recently by a consulting engineer expert in this country. overhead line is affected, small currents entering the nearest 
In Australia it was found that two districts had lightning tower and returning to earth via the earth wire and adjacent 
- troubles almost in inverse proportion to the isoceraunic level. towers. One relatively cheap and simple method which is being 
| Eqn. 4) becomes of reduced value as isoceraunic level becomes _ considered for combating this effect is to lightly insulate the earth 
unreliable. wire from a number of towers in the vicinity of the installation. 
In Section 4 it is stated the resistance of an earth rod increases Would the authors say if they would expect such a move to have 
after the passage of heavy currents. The authors might have any effect on the surge protection of the lines, and if so to what 
explained that this is due to drying of the soil, and‘the high extent? 
resistance is not necessarily a permanent feature. Prof. G. W. Carter (at Leeds): Although lightning is not men- 
It might also have been explained that the impedance changes tioned in the title of the paper, the discussion hardly mentions 
from an initial all surge impedance, when the wave first reaches any other form of surge voltage. I should like to ask whether 
the mid-point of a radial counterpoise, to all leakage resistance the authors consider that switching surges, which may involve 
) when the wave has reached the ends. Knowing the velocity of current chopping, are not important. There is also hardly any 
the wave in the counterpoise is one-third that of light, and the reference to the apparatus connected at the terminals of the line, 
requirement that the reflected wave from the arm ends must add__ which should surely enter into any discussion of surge voltages, 
iothing to the tower voltage, it is simple to calculate the useful since it must play a great part in determining the choice of 
‘maximum length of arm for a given case. insulation and surge protection. 
On the effect of rain, the probable reduction given of 5% in Fig. 2 gives information about the magnitude of current in 
‘impulse flashover is difficult to reconcile with the nearly 10% lightning strokes, but there is no mention of the duration of the 
variation in humidity correction factor given in Table 1 for a_ current, and it is assumed that tests in which the surge voltage 
change from 11 g/m? to 22g/m>. decays to half-value in 50 microsec are adequate. Does avail- 
_ On clearances, I would think the point-to-plane gap would be able information on the duration of lightning strokes bear this 
a better basis than the rod gap, and regarding system flashovers, out, even when a number of strokes follow in quick succession 
can the authors give some information on the C.E.A. experience ina single flash? 
of flashovers on their 275 kV system? It is stated in Section 4 that an earth plate has a higher electro- 
Mr. W. J. A. Painter (at Leeds): I would have expected the static capacitance than a rod. In view of the analogy between 
authors to have quoted briefly figures relating to lightning faults the electric field between electrodes in a dielectric and the 
‘to emphasize the importance of the subject of the paper. Many current flow between electrodes immersed in a conducting 
of these are given in Reference 18, so I will only mention now medium, I should have expected that electrodes giving equal 
that, for the period 1933-47, overhead lines were involved in resistance to earth would also have given equal capacitance to 
94% of all lightning faults on the Grid system in this country. earth. I should appreciate the authors’ comments on this point. 
Section 7 is an interesting approach to the problem, which Major E. N. Cunliffe (at Belfast): The expression for pN 
gives solutions in line with practice in the cases considered. In derived in Section 7 for determining the lightning performance 
his earlier paper, Dr. Forrest showed that up to 132kV the of a transmission line is simple and convenient to apply, but its 
ilightning fault rate was approximately inversely proportional value will depend upon the accuracy with which the factors p 
(to system voltage and led to the view that the fault rate would and N can be assessed. The number of strokes-to-line per 
continue to fall at higher voltages. Yet in fact we have found, 100 miles per year, N, particularly appears open to some doubt, 
admittedly over a shorter total length of line and a shorter being derived according to eqn. (4) from an estimated relation- 
‘period of time, that the fault rate on 275kV lines is appreciably | ship between the isoceraunic level and the number of cloud-to- 
higher than that on 132kV lines. Have the authors estimated earth strokes per square mile per year. Both these factors would 
tthe performance of 275kV lines on the basis of Section 7, and seem to be extremely difficult to measure with any degree of 
are their conclusions in line with practice and experience? I precision, as they must depend to a large extent on human 
(suggest they will not be so and therefore feel that some factor observation and interpretation. Would it not be simpler and 
is missing in the authors’ approach. Might this factor be tower much more accurate to obtain N directly from a study of opera- 
height or tower inductance? Possibly the reason is that at ting records relating to the various types of transmission lines 
275kV we are approaching the optimum figure of 300kV quoted in service in different parts of the world, since most large supply 
in Section 6. Perhaps the authors can say what margin should undertakings maintain comprehensive statistical records of the 
be considered on either side of 300kV in deciding upon the behaviour of their transmission lines in thunderstorms. 
basis for determining the line insulation. The authors are content to dismiss induced lightning surges as 
The curves for tower-footing resistance start at values of of no practical importance on lines operating at 33 kV and above. 
(1@ ohms in Fig. 7, and 30 and 20 ohms in Fig. 8. The average I would suggest, however, that this lower limit might be raised 
‘tewer-footing resistance on 132kV and 275kV lines in this to, say, 66kV, as I believe that experience in Eire on the Elec- 
euntry is below 10 ohms. Can the authors give an enlarged tricity Supply Board’s 38kV lines indicates that such surges can 
se-tion of the curves at the lower values, as these will be of more _ be troublesome. 
ipactical value in this country and would enable design engineers Mr. W. Szwander (at Belfast): While the amount of insulation 
«more clearly to assess the merit of fitting additional insulators? to be built into an overhead line is purely a matter of economics, 
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it must be appreciated that, depending on the part played by a 
particular overhead transmission line in a power system to which 
it belongs, the permissible frequency of outages may vary between 
very wide limits. For example, a line transmitting a large 
amount of power from a generating station, say nuclear, costing 
maybe 40-50 times as much as the line, ought to be built, even 
at considerable cost, to be virtually completely free from outages. 
The only practicable way of achieving this is to shield the line 
effectively from direct lightning strokes by provision of earth 
wires, while simultaneously ensuring such relationship between 
the tower-footing resistances, the tower structure impedance, the 
spacing between the earth wires and the conductors, and the 
insulator electrical strength that no back-flashovers will occur. 
This may mean that the line insulation is much in excess of the 
substation equipment insulation, usually corresponding to the 
L.E.C. standard insulation level; hence the latter will require to 
be protected by lightning arresters. No other means of pro- 
tection (e.g. rod gaps) would be adequate on account of both 
the time-lag involved and of the resulting service interruptions 
following the flashovers. It may prove impossible, even with 
generous application of counterpoise wires, to reduce the 
tower-footing resistances to the extent of eliminating the possi- 
bility of line outage in the very few cases of lightning strokes 
with exceptionally heavy currents. Here only the use of more 
than one circuit in parallel (preferably on independent supports), 
together with application of high-speed auto-reclosing, can bring 
us near to complete elimination of the possibility of outages. In 
areas with very low lightning incidence, like Northern Ireland, 
equally satisfactory results could probably be achieved with more 
than one wood-pole line in parallel, though in this case also, on 
account of the substation equipments, the terminal lengths would 
still require some form of shielding. 

Mr. A. A. Bromley (at Belfast): The curves in Fig. 8 suggest 
the possibility of grading the insulation of an overhead trans- 
mission line. It is conceivable that the terrain over which a 
projected line is planned to pass presents such diversity of soil 
conditions that the tower-footing resistances will vary consider- 
ably along the line. Assuming that, say, 2-5 flashovers per 
100 miles per year are accepted as permissible and using the 
authors’ curves, a line using 885ft spans might employ from 
8 to 14 discs per insulator string at individual towers, according 
as the tower-footing resistances varied between 30 and 80 ohms. 

Such a system of grading might lead to economies where a 
reduction of discs per string was permissible because of low 
tower-footing resistances. But probably its greater value would 
be in those cases where high tower-footing resistances are 
encountered and there is little prospect of appreciable reduction 
by provision of counterpoises without considerable expense; the 
addition of discs to the insulator string might offer a more 
economical solution to the problem of reducing the risk of 
flashover on such towers. 

Mr. G. F. L. Dixon (communicated): From the authors’ reply 
to my contribution to an earlier discussion,* it may appear that 
I regard line insulation more or less as a means of providing 
surge protection for station apparatus. However, my point was 
simply this: let us have unearthed lines (where appropriate) by 
all means, but let us then face the fact that we shall have to install 
considerably more surge diverters than we did in the past. 

Mr. R. R. Gilmour (South Africa: communicated): The formula 
given for the resistance, R, of a rod in soil of resistivity p should 
have been 


R= 0-37p = (41/d) nee 


where p is in ohm-cm and / and d are in centimetres. 
* Proceedings I.E.E., 1957, 104 A, p. 247. 
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This can be written 


48] 
R= 5 logio (=) ohms 
where p is in ohm-cm, / in feet and d in inches, which is probably 
a more practical form. 

It is also mentioned in the paper that the effective resistance 
to earth is appreciably lower for lightning-discharge currents 
than the d.c. or low-frequency resistance. 

It is true that this is known to be so, but the reason is not 
obvious. In view of the high frequencies usually present it would 
be expected that reactance and skin effect would increase the 
impedance. However, it seems that local breakdown of the soil 
is caused by high voltage-gradients under lightning conditions. 

Mr. J. H. Hagenguth (United States: communicated): The 
authors state under Section 4 that the resistance of an earth 
electrode is greatly increased by passage of a heavy current. I 
presume they mean normal-frequency currents, because it has 
been shown by several investigators that the resistance of an 
earth electrode decreases for passage of heavy surge current. It 
would be interesting to have a reference to this statement or some 
additional supporting data. Such an increase in resistance after 
a flashover could presumably cause a second flashover in the case 
of a multiple stroke, even though the amplitude of the second 
stroke were considerably lower, and thus interfere with suc- 
cessful reclosing of the line. 

Fig. 4 gives the relative air density at various altitudes, based 
on pressure and temperature data in free space. While pressure 
changes on the surface of the earth are about the same as in 
free space, temperature changes are much less drastic. Fig. 4 
shows 0°C for an altitude of 10000ft, whereas meteorological 
data on the earth on a summer day just before a thunderstorm 
would give much higher temperatures, of the order of 15—20° C. 
Therefore, the air-density factor at the earth’s surface would be 
higher than that for free air. 

The use of tower and earth-wire heights as factors is sound 
and should give more accurate determination of outage rates 
than does the American I.E.E. method, which uses isoceraunic 
level only as the modifying factor. However, it is now apparent 
that neither method can calculate the outage rate of 8-5-12-7 
per 100 miles per year experienced on some American lines 
operating under very favourable earthing conditions with a.c. 
earth resistance of the order of 10 ohms and less. To explain 
these outages, it is necessary to modify many of the concepts 
such as current front, current amplitude statistics and the 
voltage drop existing during surge conditions on the tower 
earths. Some of these are discussed in a recent paper.* 

Mr. K. L. Rao Undia: communicated): I wonder if the authors 
can help me over a problem occurring in medium-wave broad- 
casting where base-insulated towers of comparatively low 


electrical heights are used. For operating frequencies less than © 
about 1 Mc/s, with towers of heights varying between 250 and ~ 


400 ft, r.f. voltages arising on the towers are often quite high. 


With thunderclouds overhanging, frequent sparking is observed 


across the base insulator and across the guy insulators near the 


top levels of the guys. This sometimes assumes serious propor- 


tions with consequent discharge, and the transmitter gear has to 
be shut down or worked with very low modulation. The 
protective devices, such as arc-suppression in the feeder line 
circuits, lightning-discharge protection, etc., do not appear to 
be adequate. 

Towers are sometimes provided with copper bonding, i.e. 
copper straps along the legs and concentric strips round the 
tower at various levels. This appears to have some effect 
although not established, in reducing the trouble. 


* HaGeNGuTH, J. H., and ANDERSON, J. G.: ‘Factors Affecting the Li htning Per- 
formance of Transmission Lines’, American I.E.E. Technical Peper 57-1079. oa 
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Ocelite or similar resistors connected across the guy insulators 
are generally recommended. 

The spark-gaps are generally connected at the base of the 
insulated tower, either through a discharge resistor or directly to 
earth. This particular earth is usually laid separately, and is 
distinct from that used for the radial ground system. However, 
more recently, I have noticed that a common earth plate is being 
used for both. Would the separate earth reduce discharge 
effects at the base of the tower, and also help to reduce voltage 
build-up at the base as well as along the tower? 

Messrs. A. Morris Thomas and D. F. Oakeshott (in reply): 
The primary function of the earth-wire screen on the line adjacent 
to the station is to intercept lightning strokes which otherwise 
would strike the phase conductors. To obtain appreciable extra 
attenuation of incoming surges, as suggested by Mr. Leech, it 
would be necessary to provide an earth-wire screen for a distance 

of several miles. Station protection by rod gaps, strictly speak- 
ing, is appropriate only for a country with a high degree of 
interconnection and a relatively low isoceraunic level for which 
the expense of a longer earth wire as an additionalsafeguard 
- would not, in general, be economic. In the paper a distance of 
_ one mile is given as representative of accepted practice, but with 
' surge-diverter protection a shorter distance might be adequate 
_ ior supplementary protection. 

We agree that our conception of line performance is not, 
_ sirictly, applicable to systems with arc-suppression coils. Since 
- in such systems a single-phase fault does not normally lead to an 
| outage, improvement in performance will involve reduction of 
| multi-phase flashovers, and possibly earthed metal cross-arms 
' would be of benefit for this purpose. 

Dr. Cuffe should not find it difficult to accept that both 
( experience and theoretical calculations indicate that induced 
‘ surges are innocuous on systems of 33kV and above. This con- 
. clusion, of course, does not apply to lower-voltage systems, which 
| are outside the scope of the paper. We should have to have 
| detailed information of the lines involved in order to comment 
(on the discrepancies between isoceraunic levels and lightning 
' fault rates observed in Ireland. 

The primary function of anti-fog shedding on insulators is not 
i the prevention of contamination, as Mr. Bonar implies, but the 
| improvement of performance, both by increasing the leakage 
| path length and by providing conditions favourable for drying 
‘out a high proportion of the surface by leakage current. The 
| prevailing view has been that leakage path length should increase 
: roughly in proportion to voltage, but above 132 kV it was thought 
‘that the increase might be rather more than linear; as a result 
:400in was specified for 380kV, but, so far, at this voltage, in 
‘experimental tests, performance has been rather better than 
| feared. 

The insulation value of wet wood for power-frequency voltages 
is probably insignificant. 

Mr. Burke is unduly pessimistic. The lightning stroke is 
: authoritatively regarded as a constant-current source, so that the 
‘potential at the point struck can be calculated with reasonable 
‘accuracy. Induced voltages caused by indirect strokes are 
. yoltages to earth; the phase conductors are effectively in parallel 
‘with respect to earth, so that the induced voltages on the phases 
do not add up to produce a higher resultant. 

We agree with Mr. Edwards that experience alone will show 
wether the procedure for predicting line performance is valid. 
fi will take many years before comprehensive fault statistics are 
available, and we claim that by putting forward an acceptable 

theory the collection and analysis of relevant data will be stimu- 
‘Ised. The number of lightning incidents observed on the 
British 132kV Grid roughly agrees with prediction based on the 
‘f£ cmulae given. 


As stated by Mr. Mather, the tower inductance determines the 
lower limit of earth resistance below which little benefit would 
accrue from further reduction. A lightning stroke discharging 
20kA or more on the line would certainly cause flashover to 
one or more neighbouring conductors, and the current per phase 
would be reduced accordingly, so that a surge diverter would 
only be called upon to discharge the total current if the stroke 
terminated at the diverter itself or on the line close by. The 
latter contingency is avoided by lightning protection at and near 
the station. 

As more data become available it will be possible and desirable 
to take waveform statistics into account in predicting per- 
formance. 

On wood-pole lines without earth wires flashover, if it occurs, 
will usually be between two phases. It is, in any case, not to 
be expected that surge-diverter protection in stations can reduce 
or prevent trip-outs due to line flashover. 

Mr. Thompson’s contention, that the I.E.C. basic insulation 
levels should serve for line insulation in general, is fallacious. 
These standards are derived primarily from the characteristics of 
surge diverters. The choice of surge diverter for a given installa- 
tion depends mainly on the highest system voltage, the residual 
discharge voltage and whether the system neutral is non- 
effectively or effectively earthed. These factors are not, in 
general, of first importance for line insulation where the maim 
consideration is avoidance of outage by line flashover. The 
available statistics of lightning currents discharged by diverters 
are insufficient to justify inclusion in the paper. On the effect of 
rain we refer to our reply to Dr. Clark in London. In reply to 
his last question, lightning flashovers on the British 275kV 
system were 4 per 100 route-miles per annum, on the basis of 
one year’s observation on a mean route-mileage of approxi- 
mately 650. It should be added that the 132kV rate for the 
period was approximately twice the average. 

As stated by Mr. Painter, evidence is accumulating, particularly 
in the United States, that systems operating at voltages above 
132kV have a lightning fault rate which is higher than was 
expected. This is largely because, in estimating the expectation 
by, for example, the method of the American I.E.E., no account 
is taken of the effect of the height of the towers and con- 
ductors. If the E.R.A. method for estimating performance, as 
described in the paper, is used for a line with one earth wire, it 
is found that the ‘area covered’ when calculated by the formulae 
given in Section 2.4 is about twice as large for the 275kV as 
for 132kV system; in addition, the coupling factor is somewhat 
smaller owing to the larger spacings. The effect of these two 
factors is that the predicted fault rate for the 275kV system is 
about twice that for the 132kV system, a result which is roughly 
in agreement, so far, with experience in Great Britain. The 
choice of one mile as the length of line requiring protection in 
the neighbourhood of a station is a compromise which experi- 
ence shows to be more or less well-founded; it has no theoretical 
basis. 

The use of lightly insulated earth wire on a few towers would 
have no effect on the surge protection, but if a lightning stroke 
occurred at the position in question the insulation would prob- 
ably be destroyed and the earth wire severely damaged. 

The relationship of line insulation to station apparatus, 
mentioned by Prof. Carter, is dealt with in our reply to previous 
discussions. The standard 1/50 microsec waveform used for 
impulse tests has been adopted as the nearest equivalent to a light- 
ning over-voltage which is technically feasible at present. Our 
comparison of the current-carrying capacity of an earth plate with 
that of a rod was intended to apply to equal weights of metal. 

The uncertainty which attaches to the estimate of frequency of 
strokes to line, which is pointed out by Major Cunliffe, is 


| 
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admitted. The figure given in the paper is believed to be the best 
which can at present be made. Great efforts are being made to 
improve on the figure by the collation and analysis of operating 
records. There is no firm evidence yet available with regard to 
the importance of induced surges for 33 kV systems. 

We are in agreement with all of Mr. Szwander’s remarks and 
in general with Mr. Bromley’s, except that the economy obtain- 
able from using an increased length of insulator string, which he 
proposes, is doubtful, since this calls for increased clearances and 
so increases the cost of the towers. 

We apologize for giving a wrong impression of Mr. Dixon’s 
opening remarks by associating him with Mr. Davis in our reply 
to the point in question. We were perhaps rather too categorical 
in this matter since, if it is already decided that substation 
protection is to be provided by rod gaps alone, this may well be 
a major consideration if a choice is required between unshielded 
wood-pole lines or metal poles with earth wires. As Mr. Dixon 
states, and as is mentioned in the paper, with unshielded, highly 
insulated lines it will generally be essential to use surge diverters 
for substation protection, since rod gaps may well be inadequate 
in this case. 

A reduction of the rod-gap spacing to improve the surge 
protection obtainable may be possible in time, if high-speed 
reclosers can be used to counteract the increased outage frequency 
which would otherwise result, without detriment to performance 
in other respects. This, however, cannot be decided with 
certainty until more operating experience with these devices is 
available. 

We are indebted to Mr. Gilmour for pointing out the error in 
the formula for the resistance of a rod in soil. [The constant 
should be 0:37 instead of 3-7.] Regarding the use of constants 
adjusted for feet and inches, we feel that, on balance, less chance 
of confusion is likely to arise by adhering to the more basic 
formula and converting dimensions to centimetres. The slightly 
more elaborate formula given by Professor H. B. Dwight, namely 


betty) ( 4L ) 
(Rees wopeee es 
al, log: 1) ohms 
can easily be shown to be equivalent to 
elie tyre dea. 
= 5°; (loge 7 0 3) ohms 


where a is the radius and d is the diameter of the rod, and is 
slightly more accurate than the formula used in the paper— 
which is based on the assumption that the rod is an ellipsoid of 
revolution. However, the discrepancy between the two formulae 
in typical cases is less than 5%, and having regard to the general 
accuracy of these measurements this was considered to justify 


using the simpler formula, which incidentally has been well 
verified in practice.* 

We agree that local breakdown of the soil caused by high 
voltage-gradients probably accounts for the lowered effective 
earth resistance for lightning discharge currents. 

In the discussion at Newcastle upon Tyne, Dr. B. C. Robinson 
referred to the advantages obtainable from the use of an under- 
running earth wire. We feel that our replyt is in need of 
amendment. Underrunning earth wires are, in fact, used almost 
exclusively on wood-pole lines, on which back-flashovers do not 
normally occur. Besides increasing the coupling factor and so 
reducing the amplitude of surges due to direct and indirect 
lightning strokes, they render an important service in reducing 


interference with telephone lines which may be strung under- } 


neath the earth wire. 


In stating that the resistance of an earth electrode is increased | 


by the passage of a heavy current, we were referring to a sus- 
tained current, as Mr. Hagenguth correctly assumes; the effect 
would not develop sufficiently rapidly to be a factor in multiple- 
stroke flashover.{ On the other hand, the effective resistance 
to a high surge current may be less than normal, owing to local 
electric breakdown caused by the initial momentary over-voltage. 
Mr. Hagenguth’s comment on surface temperatures may be 
correct, but it does not invalidate the accepted altitude correction 
factor given in the paper. Overhead line insulation which satis- 


fies British and other specifications is suitable for use at altitudes — 


up to 3300ft and at ambient temperatures up to 40°C, such 
temperatures being measured by a properly screened thermo- 
meter. If, owing to abnormal meteorological conditions, the 


ambient temperature at a high altitude is higher than is equiva- — 


lent to 40°C at 3300ft, the condition of use is outside the 


specified limit, and for the purpose of calculating the test voltage } 
applicable at sea level, say, a correction factor for temperature, | 


in addition to the appropriate altitude correction factor, would 
be in order. 

The problem described by Mr. Rao can hardly be regarded 
as falling within the scope of the paper. 
charges across insulators of relatively low flashover voltage are 


caused by r.f. voltages superimposed on unidirectional voltages ; 


induced by indirect lightning or by thunderclouds. The use of 
insulators of higher flashover voltage and of surge diverters of 
appropriate rating should be remedial. On general grounds, it 
seems unlikely that the use of a common earth instead of a 
separate earth for the spark-gaps will make an appreciable 
difference to the effects observed. 


* E.R.A. Report Ref. F/T50, 1932. 
+ Proceedings I.E.E., 1957, 104 A, p. 247. 
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By Prof. G. H. RAWCLIFFE, M.A., D.Sc., Member, R. F. BURBIDGE, B.Sc., Ph,D., and 
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SUMMARY 
An original method of changing the speed of squirrel-cage induction 
motors has recently been developed which enables efficient and eco- 
nomic operation to be obtained at either of two chosen speeds, using 
a single winding of standard type. é 
The method has considerable generality, but is particularly applicable 
to speed ratios not very different from unity. The initial tests have 
therefore been performed on a motor for two speeds in the ratio 
5 : 4, but a variety of ratios can be obtained by using the same principle. 
. The control gear needed is extremely simple. 


(1) INTRODUCTION 


Methods of changing the speed of squirrel-cage induction 
| motors, by rearranging the winding so as to change the number 
| ef poles, have long been known and used. In particular, motors 
| for a 2: 1 speed ratio have been specially favoured because of 
' the simple control gear required, and one of the present authors 
| has recently perfected two windings giving a 3 : 1 speed ratio.!+2 
_ in German literature? especially, windings for a number of speed 
| ratios lying between unity and 1-5 have been described, but few 
i are satisfactory as industrial propositions, if only because the 
‘ control gear required is so complicated. These earlier methods 
( of pole changing have, in general, been individual and special 
| to each pole ratio, and little continuity of theme or logic can be 
‘ discerned between the ideas which they embody. 

The new method of speed changing described,* which has been 
| Biven the name ‘pole-amplitude modulation’, ultimately results 
| in a change in the number of poles produced by the winding; 
| but it has considerable generality and flexibility, and it has thus 
| been thought desirable to give it a new and distinguishing name. 
‘ The name chosen describes the scientific basis of the method, 
i rather than the effect produced. Pole ratios lying between unity 
, and 1-5 are the best field for the application of this method, and 
‘ a variety of pole ratios lying in this range can readily be obtained. 

A great advantage of this method is that, in all, only six motor 
{ terminals, and a standard type of controller, are required to give 
| the change of speed. As compared with a machine having two 
i independent windings, the control arrangements are almost 
* equally simple, the rating of a given frame is considerably higher, 
‘ and the cost of manufacture is much less. For one of the two 
‘ speeds (at choice) the rating of the frame is equal, or almost 
‘ equal, to its full rating at that speed. For the other speed the 
i rating is about 75% of the full rating for that speed. There is 
‘no difficulty in the manufacture of a machine working on this 
‘principle. The novelty lies in the design, and the construction 
- and winding arrangements are of perfectly standard type. 

It is not normally within the province of an academic engineer 
'f9 prescribe applications for his research; but a few months 
#0, just after making tests on a small machine, it happened 
fhat one of the present authors actually saw several! double- 
. wound machines being manufactured, for fan drives in power 
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stations, which could have been made more economically by this 
new method. These particular machines were designed for 
8/10 poles, 833/455 h.p., 738/588 r.p.m., the power being nearly 
proportional to the cube of the speed. In such a case, the 
machine would be wound normally to give the required horse- 
power at the higher speed; and the same winding, when ampli- 
tude-modulated in one of the ways described below, would be 
capable of giving more than the reduced horse-power required 
at the lower speed. The small reduction in performance for the 
modulated connection, as compared with a normal winding, will 
not be of any consequence in applications such as this. The 
authors normally have no opportunities of making tests on 
large machines, but two manufacturers are now building large 
machines of this type. Nothing but full-scale tests can put any 
method beyond criticism, but there is little reason to suppose 
that the new method, which has been successfully used at 3/2 h.p., 
cannot be extrapolated to much larger sizes. 

A number of further developments of the principle of pole- 
amplitude modulation are already under theoretical and experi- 
mental study, but it may be a year or two before a definitive 
account is ready. This paper is intended as a short enunciation 
of a new method of obtaining close-ratio speed-changing induc- 
tion motors, which it is hoped will encourage interest in the 
principles of the method. 


(2) THEORY OF POLE-AMPLITUDE MODULATION 

The theory of pole-amplitude modulation can be generalized 
simply, as follows. 

Suppose that one phase alone of a 3-phase winding gives a 
distribution of m.m.f. (and resultant flux) as shown diagram- 
matically in Fig. 1(@). (For simplicity the ideal sine half-waves 
are shown as rectangles.) 

This can be expressed as a field strength By = A sin (p/2)0, 
where A is the amplitude, and p is the number of poles. In 
the Figure, p is equal to 8. Suppose the pole-amplitude A 
were modulated in space by making A take the form C sin k6, 
where &k may be any integer, but, in the Figure, it is made equal 
to unity. 

We should then have a field given by 


By = Asin (p/2)0 
= Csin ké sin (p/2)0 


Cc D Pp 

¢| cos (4 i) cos G 4 Ke 
This indicates, in general, a double field of two pole numbers, 
(p — 2k) and (p + 2k), respectively, superimposed, one pole 
number being greater than the original and one less. In the 
particular case considered, the resultant field By will be a mixture 
of a 6-pole and a 10-pole field, as can in some degree be seen 
from Figs. 1(d) and 1(e), although the 6-pole component is the 
more apparent to the eye. 

There are two methods of connection by which the desired 

modulation can be obtained simply in practice. In the first 
method, the second half of each phase winding is reversed as a 
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Fig. 1.—Principle of pole-amplitude modulation. 
Eight poles modulated to 6/10 poles. 


whole with respect to the first half; in the second method, a 
section is first omitted from each half, and half the remaining 
portion is then reversed with respect to the other half. (In the 
particular case considered, the fourth and eighth groups of coils 
are omitted, and the fifth, sixth and seventh are then reversed 
with respect to the first three groups.) These two changes of 
connection are, respectively, equivalent to multiplication of the 
original wave by a rectangular wave, of one or other of the 
forms shown in Figs. 1(b) and 1(c). These rectangles can each 
be represented by a Fourier series of odd terms, of which the 
first is, of course, much the largest. The method of modulation 
actually employed therefore modulates the original wave not only 
by the ideal factor C sin 0, but also by a series of factors C, sin AQ, 
where A = 3, 5, 7, etc. Subject to certain reservations, however, 
it has been found possible to ignore all but the fundamental 
modulation and the poles which it produces. 

A space-modulated field, containing two pole numbers mixed, 
would, in itself, be of little use; and it is clearly necessary to 
eliminate one of the two pole numbers whilst retaining the other 
at full effectiveness. It is shown in Section 10 (Appendix) that 
when the single-phase field of two pole numbers mixed, arising 
from the modulated phase winding, is combined with the mixed 
field of two other phase windings, the resultant can be made to 
be a 3-phase field of one pole number only. In order to achieve 
this, the original windings, before pole-amplitude modulation, 
must be spaced electrically by r(277/3), where r is given by one of 
the following equations. In a standard induction motor r will 
normally be made equal to unity, though it can have any integral 
value other than 3 or a multiple of 3. 

The pole numbers in the single-phase modulated field are 
(p + 2k) and (p — 2k), and the condition that the former or the 
latter, respectively, can be made to vanish in the 3-phase resultant 
field is that, identically and exactly, 


i aes p r =s3 D 
where p is the number of poles in the original unmodulated 
winding, 2A is the number of poles to be added or subtracted, and 
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m is any integer. It is also shown in Section 10 (Appendix) that 
the condition for the one pole number to vanish is the same as 
the condition for the other pole number to appear at its full value 
in the 3-phase resultant field. It thus becomes possible, when 
these conditions can be satisfied, to change one pole number to 
another by the process of space modulation of pole amplitude, 
which can be carried out by changing the connections in one of 
many ways foreshadowed above. 

Pole combinations which meet the conditions given above 
include 


8/10 : 14/16 : 20/22 : 26/28 : (6n + 2)/(6n + 4) : etc., fork = 1 


and 10/14 : [16/20] : 22/26 : [28/32] : (6n + 4)/(6n + 8) : 
etc., for k = 2 


and [24/30] : [42/48] : [60/66] : [18 + 6)/8-+ 12)]: 


etc., for k = 3 
and 14]22 : [20/28] : 26/34 : [32/40] : 38/46: (6n + 8)/(6n + 16): 
etc., fork = 4 


It will be observed that some of these pole ratios (those enclosed 
in square brackets) for k > 1 are simply multiple repetitions of 
ratios previously obtained. All these combinations may be 
expressed generally either as (6n + 2k)/(6n + 4k), where k is 
not a multiple of 3, or as k(6n + 2)/k(6n + 4), where k is a 
multiple of 3. The initial term for each of the four series of 
possible pole ratios given above is obtained by writing n = 0 
in the corresponding general expressions. The first term in each 
series is thus seen to be, respectively, 2/4 : 4/8 : 6/12 : 8/16; 
which are allin the ratio 1 : 2. The familiar 2 : 1 pole-changing 
winding can thus be considered as a particular case of the 
general principle of pole-amplitude modulation; and when the 
method used for such pole changing is considered, it becomes 


clear that it is, in effect, a simple example of pole-amplitude — 


modulation. The first term in any series of possible pole ratios 
is equal to 2k/4k. 

Each series of possible pole ratios has a fixed difference 
between the two pole numbers, the difference being, respectively, 
2,4, 6, 8, etc. For those series of pole ratios where the difference 
is not a multiple of 3, it will be observed that the possible pole 
ratios are those in which neither pole number is itself a multiple 
of 3. Where the difference is a multiple of 3, only a few pole 
ratios can be obtained, the possibilities being limited to those 
which are integral multiples of the ratios which can be obtained 
when the difference in pole numbers is 2. 

The authors’ initial experiments have been performed on a 
small motor for the 8/10 pole combination, and it has proved 
entirely satisfactory. For this machine p = 8, k =1; and 
m = 1, r = 4 therefore satisfies the equation for the lower pole 
number, 6, to vanish. The result of modulating a 3-phase 
8-pole field can therefore be a 3-phase 10-pole field. 

The principle which enables one pole number to be eliminated 
may be further explained physically, as follows. If the elec- 
trical spacing between three similar sinusoidally distributed 
windings is 2m7, where m is any integer, and the windings are 
fed with 3-phase current, the net m.m.f. exerted is always zero 


at all points. In any pole-changing winding the same physical ~ 


displacement between three phase-windings corresponds to 
different electrical spacings, according to the pole number of 
each winding; and by changing the pole number the effective 
spacing is altered, without altering the mechanical displacement. 
In the same way, a winding which produces two pole numbers 
simultaneously has different effective spacings for these two 
numbers. Therefore, if the three phase-windings of a sym- 
metrical complex 3-phase winding, of which each phase-winding 
sets up an m.m.f. of two pole numbers mixed, are spaced elec- 
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trically by 2m7 with respect to one of these pole numbers, there 
will be no net m.m.f. for that number of poles, and the complete 
eae will produce a resultant field of the other pole number 
alone. 

It is believed that the principle of mixed pole numbers has 
previously been applied only in relation to the d.c. pole system 
of a multipole alternator.> In this case, the excitation coils of 
certain of the poles were magnetically neutralized, and half of 
the remaining coils were reversed with respect to the other half. 
In effect, the d.c. field was modulated to give a field of two pole 
numbers mixed. The separation of the two resultant e.m.f.’s 
in the armature was carried out by winding it as an elaborate 
pole-changing system, with 18 terminals and 18 connecting 
leads, so that it responded to the field of one pole number and 
not to that of the other. It is probable that the methods of 
pole-amplitude modulation discussed in this paper could also 
be applied to the armature of an alternator, where the pole 
combination required is one of those to which the methods of 
this paper are applicable. 


(3) HARMONICS IN MODULATED WAVE 


Each phase winding, when modulated, only repeats itself once 
er modulation cycle. For machines whose pole numbers 
differ by 2, this means that there will be only one complete cycle 
ef m.m.f. in travelling round the whole machine. The basic 
pole number of the modulated winding is therefore 2; and it 
is possible to consider a machine with such a winding to be 
2 2-pole machine with very weak fundamental poles, in which 
an extremely heavy harmonic is produced by pole-amplitude 
modulation, the machine being intended to operate on this 
harmonic. The fundamental (2-pole) field rotates in the same 

| direction as its seventh, thirteenth, etc., harmonics: but the fifth 
harmonic rotates in the same direction as the eleventh, seven- 
teenth, etc., harmonics. Therefore, if a machine were intended 
to operate on what is, in essence, an exaggerated fifth harmonic, 
it might possibly crawl on the eleventh or seventeenth harmonic, 
if these were sufficient in magnitude. As usual, the lowest 
. order of harmonic is the most significant, and theory thus led 
' to the expectation that, if the test machine for 8/10 poles crawled 
. at all, it would do so at 5/11 of its 10-pole synchronous speed. 

This, in fact, proved to be the case with the first machine, 
‘ which was wound with 8-pole full-pitch coils. If it was started 
| in the normal 8-pole connection and then modulated to 10 poles, 
( crawling was, of course, avoided, and the machine ran normally 
| in the modulated connection. Normal winding theory shows 
| that, if this 8-pole winding is chorded to two-thirds full pitch, 
| the eleventh harmonic (relative to 2 poles) will be reduced to a 
: small fraction of what it was; and a second machine wound with 
‘ 8-pole coils, of two-thirds full pitch, but otherwise similar to the 
| first, had no crawling tendencies. The relative sizes of the har- 
| monics are given in Fig. 9. 

This consideration of the machine as operating on an exag- 
| gerated harmonic leads to another possible way of explaining the 
| general principle of pole-amplitude modulation. It is well 
| known, by standard polyphase winding theory, that triplen 
| harmonics in the m.m.f. due to one phase-winding do not 
| appear in the resultant m.m.f. of the three phase-windings; but 
| that all other harmonics are reproduced in the resultant, in their 
( eriginal proportion to one another. Therefore, if a single 
| whase-winding produces by modulation a mixture of two pole 
| mumbers, one of which is a triplen harmonic of the basic modula- 
i ton cycle, the latter pole number will be eliminated when the 
| t iree phase-windings are combined, and the machine will operate 


 t a speed corresponding to the other pole number. It has 
: stready been observed that the resultant pole number in single 
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modulation can never be a multiple of 3, which accords exactly 
with the concepts which have just been discussed. 

It ought perhaps to be emphasized in conclusion that, when 
operating on the fifth harmonic, the fundamental (2-pole) field 
and the seventh, thirteenth, etc., harmonic fields must be regarded 
as of negative rotation whereas conversely the fifth, eleventh, etc., 
harmonic fields are of positive rotation. 


(4) A RECIPROCAL PRINCIPLE IN POLE-AMPLITUDE 
MODULATION 

An examination of the algebraic results given in Section 10 
(Appendix) will show that a normal unmodulated winding of 
(6n + 2) poles can be singly modulated (k = 1) to add two more 
poles and thus to give a resultant field of (6n + 4) poles. The 
other pole number 6n, produced by modulating each phase indi- 
vidually, vanishes when the three phases are combined. How- 
ever, if the original unmodulated winding is constructed normally 
for (6n + 4) poles, the product of modulating each phase will be 
a field of (6n + 6) poles and (6n + 2) poles mixed; but in this 
case, as shown in Section 10 (Appendix), it is the higher pole 
number (6 + 6) which must vanish, leaving a modulated resul- 
tant field of (6n + 2) poles. 

It is therefore clear that, for single modulation (k = 1), it is 
possible either to start with a normal winding of (6n + 2) poles 
and to increase this to (6n + 4) poles by modulation, or to start 
with a winding of (6n + 4) poles and to reduce this to (6n + 2) 
by modulation. This is a reciprocal principle of general applica- 
tion to single, double or multiple modulation. It will usually be 
best to start with the smaller number of poles and to increase 
it by modulation, because the power rating when the winding is 
modulated is a little less than for a normal winding of comparable 
size. Commonly, the load demanded falls off rapidly as the 
speed falls, and it is likely that modulation to increase the pole 
number will find more applications than modulation to decrease 
it. However, the reciprocal relationship ought to be recorded. 


(5) METHODS OF MODULATION, PHASE 
INTERCONNECTION AND SWITCHING 

It was explained in Section 2 that pole-amplitude modulation 
could be effected for each phase either by reversing one half of 
the phase with respect to the other half, which corresponds to 
Figs. 1(b) and 1(d); or by cutting out a section from each half 
and reversing the remainder of one half with respect to the 
remainder of the other half, which corresponds to Figs. 1(c) and 
1(e). The second method, which involves cutting out part of 
each phase winding, can be put into practice either by directly 
removing the portions concerned from the circuit, or by 
neutralizing them magnetically but leaving them still in circuit. 
Removal is better where it can readily be arranged, because 
neutralization involves waste I?R loss in the coils concerned. 

When modulation is obtained by simple reversals, according 
to the principle of Figs. 1(b) and 1(d), it is possible to use series 
circuits in the modulated connection and parallel circuits for 
the normal connection, or vice versa, as shown in Fig. 2. Only 
three leads out per phase are needed, and it is possible to 
use parallel-star/series-delta switching or parallel-star/series-star 
switching for the complete 3-phase winding, just as is done for 
2 : 1 pole-changing arrangements; and, as shown in Fig. 3, only 
six terminals and six external leads are finally required. 

Two of the present authors® have shown that it is possible, 
without requiring extra terminals, to add additional coils to each 
phase of a normal 2 : 1 pole-changing winding, when connected 
for one of its pole numbers, using series-parallel switching of the 
windings. The coils to be added are connected to the centre of 
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Fig. 2.—Pole-amplitude modulation by series-parallel switching. 


Layout and connections of coil groups of one phase: 
(a) Series unmodulated: paralle! modulated. 
Three leads out per phase. 
(b) Series modulated: parallel unmodulated. 
Three leads out per phase. 


a a 
A 
5 A 
(e 5 
c b c B b 
(a) (b) 


Fig. 3.—Pole-amplitude modulation by reversal of complete 
half-windings. 


(a) Parallel-star/series-star either 
modulated/unmodulated or 
unmodulated/modulated. 

(6) Parallel-star/series-delta either 
modulated/unmodulated or 
unmodulated/modulated. 


First connection Supply ASB iaC 
oin Gh Wy 30 . 
Second connection Supply @ b c © Six control leads 
Isolate A B C 


the rest of the coils and are thus included when the rest of the 
winding is parallel connected, and are cut out when the rest is 
series connected. The parallel connection must therefore always 
be a star connection also. The series connection may be in 
star or in delta, as shown in Figs. 4(a) and 4(). 


This method of omitting coils in one connection and including 


them in the other may also be used for obtaining pole-amplitude 
modulation in a way which corresponds to the principle of 
Figs. 1(c) and 1(e), the coil connections for one phase being 
shown in Fig. 5(a). Again, only three leads per phase are needed, 
and the two possible interconnections of the three phases are 
shown in Figs. 4(a) and 4(6). Since coils are to be omitted on 
modulation, it follows that parallel-star circuits must be used 
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Fig. 4.—Pole-amplitude modulation with partial winding omission. 


Parallel circuits when unmodulated. 
(a) Unmodulated 


Parallel-star with extra coils. Supply A B C) 
Join apogee 
Modulated © Six control leads 
Series star. Supply -a. b -¢ 
Isolate .A B C 
(6) Unmodulated 
Parallel-star with extra coils. Supply A B a 
Join Crglie coal 
Modulated © Six control leads * 
Series-delta. Supply a b ec 
Isolate A B C 


for the normal connection and series circuits for the modulated 
connection, either in star or in delta. Again only six terminals 
and six external leads are required. 

If modulation is to be obtained by magnetic neutralization of 
some coils, which also corresponds in principle to Figs. 1(c) and 
1(e), it is necessary for these particular coils to be wound in two 
halves. Each phase is connected as shown in Fig. 6, and once 
more only three leads out per phase are needed; and the same 
kinds of switching (shown in Fig. 3) can be used as when modula- 
tion according to the principle in Figs. 1(b) and 1(d) is being 
carried out. Again only six terminals and six external leads are 
required. This was the circuit used by Tittel’ for obtaining 
modulation of a d.c. field pole system; though it is inherently a 
thermally wasteful circuit. 

A special case arises when modulation with coil elimination, 
corresponding to Figs. 1(c) and 1(e), is being carried out, but 
it is desired that parallel circuits shall be used in the modulated 
connection and series circuits in the normal connection. Each 
phase is then connected as shown in Fig. 5(b), with four leads 
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THESE COIL GROUPS ARE IN TWO 
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AND EACH GROUP THUS HAS HALF AS 
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Fig. 5.—Pole-amplitude modulation by series-paraliel switching, with 
partial winding omission. 


Layout and connections of coil groups of one phase: 


(a) Series modulated : parallel unmodulated. 
Three leads out per phase. 

(6) Series unmodulated : parallel modulated. 
Four leads out per phase. 


out per phase, and it is necessary to retain nine terminals and 
nine external leads for the complete winding. This method of 
modulation, the circuit for which is shown in Fig. 7, would be 
used, however, only in those rare cases when all the others were 
inapplicable. Further, it is desirable in this case to use parallel- 
star/series-star connection, because parallel-star/series-delta con- 
nection is impossible without increasing the number of terminals 
and external leads to twelve. 

These different methods of pole-amplitude modulation and 
phase interconnection enable different relative flux densities at 
the two speeds to be obtained. It is intended in due course to 
ascertain by theory and experiment the performances given by 
these various options in a number of representative machines, 
in order to find which is best for each particular type of applica- 
tion. However, there is a considerable degree of freedom in 
design when the various options for pole-amplitude modulation, 
phase interconnection and switching are all considered; and this 
freedom gives every chance of optimizing the performance at 
both speeds. The connections used, and the resultant relative 
flux densities, for the test machines are discussed in Section 6.1. 

For the particular case of single modulation only, there is one 
respect in which the connections of these windings differ from 
what has sometimes been regarded as good standard practice. 
for either the modulated or unmodulated connection, most of 
the winding, at least, must be connected to have two parallel 
eaths; and, because of the method of modulation used, these 
iwo paths must each be composed of an equal number of con- 
secutive adjacent coil groups on opposed sides of the machine 
‘rame, and it is not possible to connect successive coil groups 

Iternately in the two paths. If the machine is, in fact, geo- 
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Fig. 6.—Pole-amplitude modulation by series-parallel switching, with 
partial winding neutralization. 


Layout and connections of coil groups of one phase: 


(a) Series unmodulated : parallel modulated. 
Three leads out per phase. 

(6) Series modulated : parallel unmodulated. 
Three leads out per phase. 


Fig. 7.—Pole-amplitude modulation with partial winding omission. 
Parallel circuits when modulated. 


Unmodulated, Series star 
abe © Nine control 


Modulated. Parallel-star with Supply a b c feqds 
coils omitted Join ARE C. 
Isolate A B C J 


metrically perfect, and there is thus no asymmetry in the air-gap, 
there will be no difference whatever between the results obtained 
from the two methods of connection. Whilst it may be best to 
adhere, where possible, to the practice of connecting successive 
groups in alternate paths, the present authors incline to the 
opinion that this practice, which equalizes the magnetizing 
currents in the two paths, was determined at a time when manu- 
facturing tolerances were much wider than they now are, and 
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when the wear of sleeve bearings often led to considerable 
asymmetry in air-gap length. At any rate, the authors’ test 
machines have necessarily been connected with parallel circuits 
each containing consecutive adjacent coil groups, but the 
unbalance between parallel paths has been trivial and no ill 
effects have resulted from this. 

At the most, it seems possible that large machines which 
are to use this method of speed control ought to be built with 
just a little extra care in manufacture to ensure geometrical 
symmetry; in small machines any objection on this ground can 
almost certainly be discounted. Further, where double or 
multiple modulation is to be used it once more becomes possible 
to distribute the coils in each parallel path symmetrically around 
the machine perimeter, by appropriate connection of the second 
space-cycle of modulation with respect to the first. 


(6) TEST MACHINES AND RESULTS OBTAINED 
(6.1) Windings Used and Resultant Flux Densities 


For winding the test machines, totally enclosed fan-cooled 
frames were used, each being rated by its makers as a 3h.p. 
frame for a standard 8-pole winding, and as a 2h.p. frame for a 
standard 10-pole winding. There were 48 stator slots (two slots 
per pole per phase for eight poles), and a squirrel-cage rotor with 
54 slots, skewed one stator slot pitch. The first machine frame 
was wound with full-pitch coils (six slot pitches) and the second 
with two-thirds full-pitch coils (four slot pitches), both being 
double-layer diamond windings. The second machine frame 
with two-thirds full-pitch windings had 56 turns per coil of 
No. 204s.w.g. Lewmex Bakelized enamelled wire, and was 
suitable for operation on 440 volts (line) 3-phase SO0c/s. The 
permitted temperature rise (50°C) was measured by a thermo- 
couple embedded in one of the centre coils, and the machines 
were therefore being judged under the most unfavourable con- 
dition of measurement. Other temperatures were measured by 
thermometers and found to be lower. 

All the coil groups were identical, and each test machine had 
its 24 coil groups connected to 48 terminals on an external board, 
so that it could readily be reconnected in a variety of ways. The 
connection shown in Fig. 5(a) was obtained for eight poles, for 
test purposes, by joining two normal coil groups in parallel, 
instead of winding two special coil groups, each of half the 
number of turns of double gauge connected in series, as shown in 
the Figure. This was permissible since,-in the test machines, the 
8-pole coil groups which are omitted for 10-pole operation can 
then be left open-circuited. If these coil groups were left con- 
nected in parallel during 10-pole operation there would be a 
heavy circulating current, and the arrangement shown in Fig. 5(a) 
would be used in most cases in any permanently connected form 
of the machine. There is, however, usually no difficulty in doing 
so, and the performance will be identical with that of the test 
machines. In larger low-voltage machines, however, the number 


Full pitch winding 


(a) Modulation by complete reversal 
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of conductors is small, and may be odd. It is then necessary 
to make all the coils of the same size; and to connect in parallel 
for 8-pole operation those coils which are omitted for 10-pole 
operation. In this case three extra control leads, making nine 
in all, will be required; and it could be a matter for discussion 
whether providing three extra leads is not cheaper than arranging 
for some coils to have different design details. On the other 
hand, reduction of the leads to six is a great simplification in 
operation. 

Both machines were tested with both methods of modulation, 
corresponding to the principles of Figs. 1(6) and 1(c), the coil 
group connections being given in Figs. 2(b) and S(a). The phase 
interconnections, for 8/10 poles, respectively, were parallel- 
star/series-star, corresponding to Fig. 3(a) or 4(a) for the two 
methods of modulation. 


In calculating the winding factors for a machine which uses a — | 
modulated connection, there is an additional factor to be con- 


sidered besides the usual spread and chord factors. In a 
normally connected machine, the spacing of successive coil 
groups is always made equal to a pole pitch, but after modulation 
this will no longer be the case. In the test machines, the elec- 
trical angle between successive coil groups after modulation is 
clearly 57/4, in relation to the 10-pole field; and, in general, 
the angle is m7/4, where m is the order of any harmonic in 
relation to the basic 2-pole field. As has been observed in 
Section 3, the main field of these machines is really a fifth 
harmonic of 2 poles, and m must be taken as equal to 5. 


The e.m.f.’s in all the coil groups are therefore not arith- — 


metically additive. When added vectorially, their sum is less 
than the arithmetic sum, and the ratio 


(Resultant e.m.f. of coil groups in series) 
(Number of groups) <x (E.M.F. per group) 


is called the connection factor. This has been discussed, 
together with its application in computing winding factors and 
waveform analyses, in an earlier paper by Burbidge.’ 

This new factor may be compared in some respects with the 
spread factor. For a given angle between single coils, their 
spread factor steadily diminishes as the number in series becomes 
greater; and, in the same way, the connection factor of a set of 


coil groups diminishes as the number of coil groups in series is — 


increased. 

By the methods described by Burbidge,’ the 10-pole connec- 
tion factor for the test machines can be shown to be 
sin (m7/8) cos (m7/4) sin (m7/]2), with all coils in circuit; and 


$[2 cos (mm/4) — 1] sin (m7/2) with one quarter of the coils 


omitted. 

The spread factor can easily be seen to be cos (m7/48) for 
both machines, and the chord factors to be sin (m7/8) and 
sin (m7r/12) respectively, where m is again the order of harmonic 
with respect to a 2-pole fundamental. The four winding factors 
for the two machines are therefore as follows: 


(6) Modulation with coil omission 


Chorded winding 


(c) Modulation by complete reversal 


(d) Modulation with coil omission 
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The 10-pole winding factors are given by putting m =5 in 
these expressions, with the results successively (a) 0-572, 
(6) 0-705, (c) 0-600 and (d) 0-736. It will be seen that the 
omission of coils improves the winding factor of each machine, 
because of the increase of connection factor, as mentioned 
previously. 

The winding factors for 8-pole operation are readily calculated 
according to standard principles, and are found to be 0-966 for 
the first machine, and (4/3/2)(0-966) for the second machine. 

If Bg and Bjo are the air-gap flux densities for the two pole 
numbers, it follows that, in machines (a) and (c), 


Bs 10-pole winding factor 
—— = 0°38 x2 x 
Bio 8-pole winding factor 


and in machines (6) and (d), where only three-quarters of the 
winding is in circuit for 10-pole operation, 


B. ‘ tae? 
ee = 75. 078 0.2.x 10-pole eee factor 
Bio 8-pole winding factor 


Using these expressions and the winding factors already deduced, 
it is found that B,/B;, in the four machines has the respective 
, values (a) 0-945, (b) 0-875, (c) 1:14 and (d) 1-06. These ratios 
iare all very satisfactorily near to unity. 

The magnetizing curves for the preferred machine (d) are 
given in Fig. 8, from which it will be seen that the ratio of 
pPaase currents at the operating voltage, for 8/10 poles, respec- 
itively, is 2-45/2-05 = 1-20. Since the 8-pole connection uses 
‘parallel circuits, the ratio between the conductor currents 
Ug/I;o, for the two pole numbers, is 0:60. For the same flux 
idensity at both pole numbers, the ratio Jg/J;9 should theoretically 
be the product of the ratio of the pole numbers multiplied by 
ithe inverse ratio of the effective numbers of conductors, This 
roduct here has the value 

8 0-75n x 0-736 

10¢) Oso 
Since the flux-density ratio Bs/Bio is 1-06, the theoretical value 
of Ig/I;9 is (1-06 x 0-528) = 0-56. Fig. 8 therefore shows both 
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Fig. 8.—Magnetizing curves: Final 8/10 pole machine (d). 


O O O 8-pole parallel-star. 
() O £9 10-pole series-star. 


that the magnetizing-current ratio is fully acceptable in practice, 
and that it very nearly conforms with theory. Altogether, 
therefore, the magnetic loadings and magnetizing currents for 
the two pole-numbers in the final machine may be regarded as 
very well proportioned. 

The maximum voltages which were found to be respectively 
permissible for the two windings, without causing saturation and 
excessive magnetizing currents, were, however, not in the 
theoretical ratio; ie. in the ratio of the number of effective 
conductors. For the same number of effective conductors in 
both machines, the voltage on the chorded winding could be 
raised to 440 volts, as compared with 400 volts on the full-pitch 
winding. It seems clear that the permissible voltage for the full- 
pitch winding was lowered below the first-order theoretical value 
because of the presence of such large harmonic fluxes that simple 
methods of computation, which have regard to the fundamental 
flux only, became widely inaccurate. The test results for ratings 
given below were determined on this unequal voltage basis. It 
ought, however, to be emphasized in conclusion that machine (d) 
alone is put forward as a satisfactory industrial proposition. 
The earlier machines (a), (6) and (c) are discussed only in order 
to explain logically the steps by which a satisfactory machine 
was finally obtained. 


(6.2) Full-Load Test Results 


The test results obtained for continuous output ratings are 
given in Table 1, the machines being operated at 10-pole speed 


Table 1 
SUMMARY OF TEST RESULTS FOR CONTINUOUS RATING 


Machines with two-thirds full- 
pitch coils: Line voltage, 
440 volts 


Machines with full-pitch coils: 
Line voltage, 400 volts 


Machine (a) Machine (4) Machine (c) Machine (d) 


All coils in | Onecoilinfour | All coils in One coil in four 
circuit omitted circuit omitted 


1-00h.p. F723 toy 1:40h.p. 1-60h.p. 


> Ee ——————“( 


Rating improve- | Rating improve- | Rating improve- 
ment due to ment due to ment due to 
reduction of reduction of reduction of 
2-pole and higher har- 2-pole and 
14-pole fields. monics, and 14-pole fields. 
Higher har- to the permis- Higher har- 
monics are sible increase monics are 
almost unal- in voltage. almost unal- 
tered. Two-pole and tered 

14-pole fields 

become larger 

and tend to 

worsen _ the 

rating 


in each of the two modulated connections in turn. The Fourier 
analyses of the m.m.f. waveforms arising from the four types of 
winding were carried out by the simple method recently described 
by Burbidge,” and the amplitudes of the various components 
are shown in Fig. 9. As explained in Section 3, the possible 
Fourier components in the modulated connection are the funda- 
mental (2-pole), and the fifth, seventh, eleventh and thirteenth, 
etc., harmonics, the machine being intended normally to operate 
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Fig. 9.—Relative magnitudes of the component m.m.f.’s in modulated 
(10-pole) machines. 


(a) Full-pitch windings. All coils in circuit. 

(b) Full-pitch windings. One quarter of coils omitted. 

(c) Two-thirds full-pitch windings. All coils in circuit. 

(d) Two-thirds full-pitch windings. One quarter of coils omitted. 


on its large fifth harmonic. It will be seen that, in general, the 
harmonic content of the m.m.f. becomes steadily less when 
passing, in comparison, from machine (a) to machine (d) (see 
Table 1), except that there is an increase in the 2-pole and 14-pole 
fields when passing from machine (b) to machine (c). The 
improvements in continuous rating which take place can thus 
be clearly related to the harmonic contents of the m.m.f. wave- 
forms, and notes are given below Table -1 which relate the 
trend in rating to these various harmonic contents. It is clear 
enough that large negative-rotation 2-pole fields and large sub- 
synchronous fields both tend to increase the losses, and thus to 
reduce the rating. The output power obtained in the four tests 
provides strong evidence of the relative magnitudes of parasitic 
torques and stray losses in the four machines. It is broadly clear 
that their effect was serious in machine (a), but relatively very 
small in machine (d), which was found to give a continuous 
rating for 10-pole operation equal to more than 75% of the 
makers’ rating for the same frame with a normal 10-pole winding. 
The 25% reduction in rating is sufficiently explained by the 
reduced winding factor alone. 

The authors would have liked to take dynamic speed/torque 
curves, but they do not yet possess the elaborate and expensive 
apparatus needed for this purpose. They have therefore had to 
content themselves in this preliminary study with theoretical 
investigations of harmonics, together with complete tests under 
no-load and full-load conditions. 

The most unusual feature of the m.m.f. waveform in an 
induction motor with pole-amplitude modulation is the presence 
of a negative-rotation sub-harmonic field, having two poles in 
the case of single modulation. This field may, in some degree, 
reduce the starting torque of such a machine, but it will not 
cause dips in the speed/torque curve, and the rotor will normally 
be running at about 120% slip in the 2-pole field. If this field 
is too strong it may cause excessive losses and noise; and it is 
to the reduction of the 2-pole negative-rotation field that par- 
ticular attention has to be directed in machines of this type. 

As mentioned in Section 3, the first test machine, with full-pitch 
coils, was found to crawl at 5/11 of its desired speed, when 
started in the 10-pole connection. It was therefore decided 
to use a chorded winding in order to reduce the eleventh har- 
monic and thus avoid crawling; but chording had also the most 
desirable effect of greatly reducing the 2-pole field, as shown in 
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Fig. 9. The Fourier analyses also showed that omission 
of one-quarter of the coils from either winding further 
~ reduced the 2-pole field; and machine (d) which has 
chorded windings, and one-quarter of the coils omitted 
in the 10-pole connection, is much the best of the four 
alternatives, as shown theoretically by Fig. 9 and con- 
firmed by the test results in Table 1. 

It is a surprising and fortunate fact that, when only 
three-quarters of the total number of conductors are in 
circuit, their winding factor is higher than the winding 
factor of all the conductors taken together. The reduction 
in the effective number of conductors is therefore less than 
one-quarter, whereas the heating is reduced by a quarter. 
One of the present authors has elsewhere advocated? that 
the possibility that advantages may arise by omitting con- 


Se ductors should not be ignored, and this machine is a 


clear example of such a possibility. eats 
Short-circuit tests were also performed on the machine in 
the 10-pole connection; and the pull-out horse-power, for both 
methods of modulation, was found to be approximately 2°3h.p. 
If an overload-torque capacity equal to twice the full-load torque 
were really essential, this, rather than the continuous rating, 
would therefore be the limiting factor in the output obtainable 
from the frame. In many applications, however, this point 
would be of no substance. 
It remains to add that the rating of the machine when normally 


Ji 


connected for 8-pole operation was found experimentally to be— 
almost exactly 3:Oh.p., as claimed by the makers of the frame. _ 
The currents in the two parallel paths were separately measured, ~ 


and were found to be equal within a tolerance of about 46%; 
and there were no observable ill effects, such as noise or vibra- 


tion, arising from the use of parallel paths not symmetrically — 


disposed around the machine perimeter. 


At least in small — 


machines, the possible objections mentioned in Section 5 are — 


therefore seen to have no validity. 
As further evidence that the harmonic fields in the modulated 
condition are likely to have small effect on the operation of the 


machine, the no-load power/voltage curves for machine (d), for — 


the two pole numbers, were taken and are shown in Fig. 10. 
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Fig. 10.—No-load power curves: Final 8/10 pole machine (d). 


Windage deducted. 


O) © © 8-pole parallel star. 
xX ™X x 10-pole series star. 


It is thus clear that the no-load losses, which are governed by 
voltage and flux, are only marginally greater than when the 
machine is connected in a standard fashion. Stray losses on 
load are a function of current, and there is no reason to suppose— 
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either in theory or from tests—that these are, in any way, out of (6) RAwciirre, G. H., and Bursiwer, R. F.: 


normal proportion in the modulated winding. 


(7) FURTHER PROPOSED DEVELOPMENTS: CONCLUSION 


At present, only speed and pole ratios having one of the 
values given, in general terms, in Section 2 can be achieved by 
these methods; and other industrially popular ratios, such as 
4+ : 3, cannot be directly obtained in this way. There is, however, 
200d reason to believe that extensions of the method now under 
consideration may enable it in due course to be completely 
generalized. At least, it seems likely that the complete series 
of pole ratios 8/10: 10/12 : 12/14 : 14/16, etc., will be success- 
Sully obtained; and a general but very simple method of obtaining 
small changes in the speed of induction motors would then be 
available. 

The machines so far tested have had a constant (integral) 
number of coils per group, but there is reason to think that the 
use of certain fractional-slot windings, in some cases with 
anequally grouped coils, may effect a substantial improvement in 
serformance for some types of duty. Again, it has been shown 
hat for the machines discussed in this paper it is advantageous 
Ithough not necessary) to omit a quarter of the winding on 
modulation. The omission of portions of the winding often 
proves both the thermal conditions and the winding factor, 
sesides reducing the undesirable harmonics; and it is actually 
ecessary to omit certain coils when the initial pole number is not 
livisible by the desired difference in pole number, e.g. for 
0/14 poles. 

The authors intend to investigate in theory the conditions 
xecessary for obtaining the best combination of all these possible 
dvantages; and to carry out a series of experiments on machines 
wound to comply with the theoretical conclusions. They have 
hought it well, however, first to present in a short paper the 
yasic principle of this new general method, in order to make it 
‘nown to those interested in electrical machinery. 
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(10) APPENDIX 


Criterion for the Elimination of One of the Two Resultant Pole 
Numbers in Three-phase Amplitude-Modulated Field 


Suppose that p is the original pole number, and that this is 
modulated to give resultant pole numbers (p + 2k), where k is 
any integer. (In the case tested so far, k has been unity.) 

Suppose that the original phase-spacing, with p poles, is 
(27/3), where r can be any integer, other than 3 or a multiple of 3. 

The phase spacing after modulating the pole number to 
(p + 2k) will be 


To eliminate the higher or lower modulated pole number, 
respectively, the conditions are 


ae PsP) : : 
ee r = = 2m7, where m is any integer 


m 
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It now becomes necessary to determine if, and under what 
conditions, the phase spacing for the higher pole number is 
correct when the lower pole number is eliminated, and vice versa. 


Now if = | (all 


which is the condition for the lower pole number to vanish, it 
follows that 


1+— = pe saent 


r 


and the phase spacing a ie sicnes! modulated pole number, 


which is given by(1 -- a) r —, will then be 


2m ; 4 
3 “3 > SAY, where A is an integer. 


For correct spacing, A cannot be 3 or a multiple of 3. Since 
r is never a multiple of 3, A will not be so either, and this require- 
ment is therefore met. When it is possible to comply with the 
condition for eliminating the lower pole number, the phase 
spacing for the higher pole number will thus simultaneously be 
made correct. Conversely, when it is possible to eliminate the 
higher pole number, the phases will always be correctly spaced 
for the lower pole number. 
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THE EFFECT OF A VOLTAGE REGULATOR ON THE STEADY-STATE AND 
TRANSIENT STABILITY OF A SYNCHRONOUS GENERATOR 


By A. S. ALDRED, M.Sc., Associate Member, and G. SHACKSHAFT, B.Eng., Graduate. 


(The paper was first received 21st December, 1957, and in revised form 11th March, 1958.) 


SUMMARY 


The paper is concerned with predicting the steady-state, dynamic 
and transient stability of a synchronous generator, with a voltage 
regulator, when coupled to an infinite busbar. The effect of the main 
regulator loop parameters, such as gain, exciter and main field time- 
constants, etc., on the stability of the system are examined. The 
solutions of the system equations are obtained by using an electronic 
analogue computer. The ideal stability boundary, for a particular 
system, is defined, and attempts are made, by the introduction of 
subsidiary feedback and series networks, to obtain the ideal charac- 
teristic. The influence of the transient reactance on stability and the 
effect of minimizing this parameter are considered. New voltage- 
excitation characteristics are described which have been found useful 
for predetermining power-angle curves for a machine with a voltage 
regulator and for checking computer solutions of steady-state stability 
boundaries. 


LIST OF SYMBOLS 


5 = Rotor angle. 
f = Frequency, c/s. 
H = Inertia constant, kWs/kVA. 
P; = Power input from prime mover. 
P,, = Power output of synchronous generator. 
pO = Speed. 
Vq = Generator field voltage. 
Rg = Generator field resistance. 
Jy, = Generator field current. 
Xjq = Generator field reactance. 
X,q = Mutual reactance between generator field and 
direct-axis armature winding. 
V, = Ig Xqap9; a voltage proportional to Tq. 
Ve = Z X,ap9; open-circuit excitation voltage. 
$yq = Field flux linkage. 
Dy = ba Xaal Xja- 
Tao = XyalRya3; generator field time-constant. 
K, = Damping-torque coefficient. 
V = Bus voltage. 
Vim» Vq = Direct-axis machine terminal voltage and bus 
voltage, respectively. 
Vom» Vq = Quadrature-axis machine terminal voltage and bus 
voltage, respectively. 
Tj, I, = Direct-axis current and quadrature-axis current, 
respectively. 
Xam Xgm = Machine direct- and quadrature-axis synchronous 
reactance, respectively. 
X;, = Transmission-line series reactance. 
X4, Xz, = Total direct- and quadrature-axis synchronous 
reactance, respectively. 
Xjm = Machine direct-axis transient reactance. 
Vo = V —Ig(Xam — Xqm); voltage behind quadrature- 
axis reactance. 


Written contributions on papers published without being read at meetings are 
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V,, = Machine terminal voltage. 

V, = Reference voltage. 

V, = Stabilizer output voltage. 

j = Regulator loop-amplification factor. 

T, = Stabilizer time-constant. 

7, = Exciter-field time-constant. 

M = Mutual inductance of current transformer in field 
circuit. 

V,. = Exciter field voltage. 

[ts = Stabilizer amplification factor. 

A = Amplification factor in the positive feedback loop. 


All voltages, currents, fluxes, reactances and resistances are 
expressed as per-unit quantities. 


(1) INTRODUCTION 


The predetermination of the stability of a synchronous 
generator with a voltage regulator, when connected in a power 
system, is conveniently divided into two categories, namely 
(a) steady-state and dynamic stability and (6) transient stability. 
It is known that an improvement in the steady-state stability 
limit may be effected by the use of a voltage regulator!-? in 
certain cases, but little is known concerning improvements in 
the transient stability limit. One possible approach to the 
steady-state stability problem is the use of small-oscillation 
theory,’ which effectively eliminates non-linear terms in the 
equations. In the authors’ view this method is of limited value 
in practice, since it requires lengthy and tedious computation, 
particularly if the problem is one of optimization of system 
parameters. The authors have also experienced difficulty in 
inserting initial conditions into small-oscillation equations, but 
the method may be useful in determining positive and negative 
damping torque coefficients as Park? originally intended. 
Analytically, dynamic and transient stability problems are 
difficult owing to the existence of non-linear terms in the system 
equations, and hence familiar criteria of stability are not readily 
applicable. Responses to transient disturbances are not easily 
computed. The availability of computers facilitates the solution 
of these stability problems, and although it is not clear whether 
digital or analogue types should be employed, the authors have 
found the analogue computer to be ideal for this work and for 
previous studies of synchronous-machine transient stability.4-5 
The rapid advance in automatic control-system techniques has 


raised the interesting point of what effects these techniques will | 


have on stability when applied to synchronous machines in 
power systems. 


The objects of the paper are therefore as follows: 


(a) To show the possible improvements in steady-state and 


dynamic stability which result from the use of a voltage regu- 
lator and to indicate that optimum values of regulator loop 
parameters exist. In connection with this section of the work 
a new set of voltage-excitation characteristics has been developed 
for the predetermination of power-angle curves for a machine 
with a voltage regulator. These characteristics are useful in 
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themselves and are particularly helpful in facilitating the adjust- 
ment of initial conditions in the computer, and for checking 
some of the computations. 

(6) To show the possible improvements in the transient 
stability limit of the generator and, in particular, the effects of 
subsidiary feedbacks and series corrective networks in the 
regulator loop additional to the main loop. These additional 
Stabilizing devices include a phase-advance circuit, a transient 
negative feedback across part of the regulator loop and a 


positive feedback proportional to the rate of change of field 
current. 


(2) THE SYSTEM STUDIED 


The basic system, without subsidiary feedback, is shown 
diagrammatically in Fig. 1. It consists of a salient-pole syn- 


TRANSMISSION SYSTEM 


GENERATOR 


BUSBAR 


REFERENCE 
VOLTAGE 


Wig. 1.—Basic system of synchronous machine and voltage regulator. 


chronous generator connected to an infinite system via a double- 
circuit transmission line. The generator has a continuous fast- 
acting voltage regulator coupled to it which regulates the 
machine terminal voltage to a fixed value by controlling the 
excitation. The system is connected in the form of a closed 
loop and is actuated by the difference between the reference 
voltage and the machine terminal voltage. The system para- 
meters are given in Table 1. 


Table 1 
XG pemunit Xm = 02 per unit 
Xgm = 0-7 per unit H = S5kWs/kVA 
X; = 0-5 per unit V = 1 per unit 


For this salient-pole machine it is assumed that damper 
‘ windings are not present, and consequently K, is zero. 

The remaining parameters such as loop gain p, exciter-field 
and main-field time-constants, 7, and tT, 9, respectively, are 
‘ considered to be variables, except when otherwise stated. This 
: also applies to the parameters of additional feedback circuits, 
. and they are defined when these circuits are introduced. In 
| practice, it is necessary to restrict the synchronous-machine 
i field voltage and exciter field voltage to within safe limits. The 
circuit used to simulate voltage limiting is given in Section 3. 
The positive and negative limits placed on V, are +3-5 and 
—1 per unit, respectively. 


(3) SYSTEM EQUATIONS AND EQUIVALENT ANALOGUE 
INTERCONNECTIONS 
The equations of the synchronous machine and transmission 
«system are derived from Park’s equations® and are contained 
and derived in a previous paper.* The following assumptions 
«are made: 


(a) The machine is ideal. 
(i) The armature flux wave is sinusoidally distributed in space, 
(ii) The saturation is negligible. ; : <a 
(iii) The effect of eddy-current and hysteresis loss is negligible. 
(b) The percentage speed change during a transient which 
results in the machine remaining in synchronism is negligible, 
ie. the component of generated voltage due to the rate of 


change of rotor angle is negligible compared with the voltage 
generated at fundamental speed. 

(c) The voltages induced in the armature by the rate of 
change of armature flux linkage are negligible compared with 
the voltages generated by the fluxes rotating at fundamental 
speed. 

(d) The armature and line resistances are negligible. 

(e) The action of the prime-mover governor is not suffi- 
ciently fast to change the mechanical power input following 
a small change in speed, so that the mechanical power input 
is constant. 


The equations of the voltage regulator are obtained from a 
simplified block schematic of the physical system. The complete 
set of equations is as follows: 


Equation of motion 


H dé 
h—aegpga ane ee ted ee (1) 
Power output Po Volk eee eee ee) 


Derived quantity (voltage behind quadrature-axis reactance) 


Vo=V,- Gan Sales ee) 
Field Oe pie on Pe) 
Td0P 
Deg = Vi — (Xam — Xela a) 
Components of busbar voltage 

Vi = Vcos0 =V, — Xl se ) 
Va = Vsin 8 = Vig + XM, Aone, Eee) 

Components of machine terminal voltage 
Vig Vy SA glee Pe eee) 
V im SoA cal a ee i ee) 
Terminal voltage Vin = V Von + Ven) (10) 
Exciter field voltage V,= mV, — V,,) (11) 
where Vemae 2 Vc in (12) 
VS (13) 


The equivalent analogue interconnection for eqns. (1)-(13) is 
given in Fig. 2. The amplifiers, integrators, function generators 
and multiplier are of conventional design. The vector addition 
unit consists of a high-gain amplifier with diode function- 
squaring circuits in the input and feedback paths, as shown in 
Fig. 3. The circuit for the limiter is shown in Fig. 4, and 
although perfect limiting does not occur with this circuit, the 
maximum error is about 1°%, as indicated by the dotted lines. 
When the effect of a stabilizing transformer is considered, it is 
represented in the analogue by the circuit shown in Fig. 5. The 
equation of a stabilizing transformer is 


(14) 


A transfer function of the form of eqn. (14) may be simulated 
by placing a series RC network at the input of a high-gain 
amplifier which also has resistive feedback. This simple circuit 
is elaborated in Fig. 5 to facilitate variation of stabilizer gain 
and time-constant. It is necessary to include an initial-condition 
relay, in order to ensure that the stabilizer output voltage is 
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Fig. 2.—Equivalent analogue of the basic system. 
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Fig. 3.—Vector addition unit. 


zero in the ‘initial-condition’ state, and also a ‘hold’ relay to 
interrupt computation if necessary. The computer is arranged 
to operate in any one of four states, namely ‘compute’, ‘set 
initial conditions’, ‘interrupt computation’ and ‘set zero’. In 
the initial-condition state all integrators are inoperative, this 
condition corresponding to absolute steady-state operation of 
the system. Although facilities are available for computing 
with a time-scale factor of less than unity, all computations are 
carried out in real time. 


(4) STEADY-STATE AND DYNAMIC STABILITY 


(4.1) Factors affecting Stability 


The steady-state stability limit of a synchronous generator is 
the maximum power that the machine can supply without falling 
out of synchronism. The stability limit is a function of field 
excitation, rotor angle and system parameters. For fixed 
excitation there is a corresponding constant value for the power 
limit of the machine. 

By the use of a continuously-acting voltage regulator, usually 
regulating the terminal voltage to some fixed reference by con- 
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Fig. 4.—Voltage limiter. 


(a) Characteristic. ‘ 
(6) Analogue circuit. 


Fig. 5.—Stabilizing-transformer analogue. 


trolling the excitation, the generator may be loaded beyond its 
normal steady-state limit. The excitation is now a function of 
terminal voltage and regulator parameters. In this condition 
the load angle may advance beyond its normal (i.e. with fixed 
excitation) maximum value, and the generator is then operating 
in the dynamic stability region. Under these conditions, the 
stability of the system depends upon the correct functioning 
of the regulator, and as such, the system is sometimes said to 
be statically unstable. As the dynamic stability limit of the 
machine is approached, self-excited oscillations occur, i.e. the 
machine hunts. These oscillations may increase in amplitude — 
and eventually cause the machine to become unstable. Dynamic 
stability is achieved by rapid response of the regulator and 
exciter and the large inertia of the rotor, which restricts the 
rate of change of rotor angle. This implies that the ideal — 
arrangement is a regulator and exciter with large gain and no 
time lags in the loop. This has been shown to be true. 

With a finite generator-field time-constant, however, a finite 
exciter-field time-constant is beneficial in that it introduces a 
certain amount of damping, and the degree to which oscillations 
persist (and, in fact, originate) in the system depends on the | 
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amount of damping present in the machine. Thus an optimum 
value of 7, may be selected. Furthermore, when lags are 
present in the loop the loop gain is critical, and the choice of 
too small a value results in an inefficient regulator. On the 
other hand, a very high gain introduces loop instability, resulting 
in a much lower dynamic stability limit. 


(4.2) Voltage-Excitation Characteristics 


The voltage-excitation characteristics of a synchronous 
generator may be plotted in several different ways. The most 
common method is to plot the generator terminal voltage as 
a function of its field excitation voltage, or field current, for 
fixed power factors. In plotting these curves the armature 
current must be specified. It is felt that this limits their useful- 
ness in presenting an overall picture of the operation of a 
generator under varying load conditions and changing armature 
currents. For this reason a new set of voltage-excitation curves 
has been derived, as shown in Fig. 6, for a synchronous generator, 
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Fig. 6.—Voltage-excitation characteristics. 


the parameters of which are given in Table 1. On these curves 
the terminal voltage is plotted as a function of the excitation 
voltage for (a) constant power outputs and (4) constant rotor 


angles. The equations from which these curves are derived are 
as follows: 
VVsnd  V(X,—X,) . 
= PAY 1 
Pe x, 24K, sin 26 (15) 
xX, 11d 
Vain ny Vay (16) 
EPG ae LAG 3 
Vom = XY, —_— the et (17) 
Vin Vogt ham) (18) 


The advantage of this method is that the power-angle curve 
of a generator may be obtained easily for any initial terminal 
yoltage and power output. This applies to a machine with 
either manual or voltage-regulator-controlled excitation, the 
characteristics being particularly useful for the latter case. The 
initial power output and terminal voltage define a point on the 
voltage-excitation characteristic. For fixed excitation a line is 
“rawn through this point parallel to the terminal-voltage axis. 
The generator is constrained to operate on this line, and hence 
ine variation of power output with rotor angle may be deter- 
/ained from the points of intersection. 
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To obtain power-angle curves for a machine with a voltage 
regulator the method is similar and is as follows: 
The equation of the regulator in the steady state is 


ae UR D9) (19) 
Differentiating with respect to V; gives 
dV, 1 
Tipe 8 cy 


The initial-condition point defined by the initial power and 
terminal voltage is again selected, but now a line of slope —1/y 
is drawn through this point. It can be seen from eqn. (19) that 
this line will cut the terminal voltage axis at the required 
reference voltage. Again the generator is constrained to operate 
on this line, and the power-angle curve may be derived from the 
points of intersection. The power-angle curve obtained by this 
method is accurate over its complete range if there are no lags 
in the regulator loop. If lags are present, the curve is accurate 
provided that the generator is not operating in the dynamic 
stability region. For dynamic and transient stability the solu- 
tions are obtained using the analogue computer, as described 
in Sections 5 and 6. The authors have found these voltage- 
excitation characteristics most useful for checking computer 
solutions in the steady-state stability regions. 


(5) EFFECT OF VOLTAGE REGULATOR ON STEADY-STATE 
AND DYNAMIC STABILITY 

For the generator defined in Table 1 the initial operating con- 
ditions were chosen to be 1 p.u. for both the power input and 
the terminal voltage, corresponding to rated terminal voltage 
and rated power output. 

With the computer in the initial-condition state the desired 
operating conditions are set in by adjusting rotor angle and field 
flux linkage. The voltage proportional to the field current, i.e. 
V;, is recorded. From an inspection of Fig. 2 or the equations 
of the system it can be seen that in the steady state Vy and V, 
must both be equal to V;._ Since Vis an initial-condition voltage 
on an integrator in the steady state it can be set ineasily. The 
voltage V,. is set, after the regulator amplification has been 
selected, by adjusting the reference voltage. With V; and V,. 
both adjusted to be equal to V;, computation is begun. If the 
system is stable the power input is slowly increased until the 
point of maximum power output occurs. At this point any 
further increase in power input causes the system to become 
unstable. The variables in this test are regulator gain and 
generator- and exciter-field time-constants. The results are 
recorded in Fig. 7 and compared with the unregulated power 
limit. 

Curve (a) shows the effect of regulator amplification on the 
power limit of the system with no lags in the exciter or generator. 
This corresponds to a perfect regulator, except that the gain is 
finite, since the power limit obtained for a given regulator 
amplification is at its maximum. A check on this result was 
obtained by plotting the same curve using the voltage-excitation 
characteristics referred to in the previous Section. 

Comparison of curves (b), (c) and (d) shows that for a fixed 
value of Ty, variations in tr, have no effect on the power limit 
of the system for small amplification factors. The point at 
which each curve leaves the common curve is determined by 7,. 
The sharp discontinuity which occurs at each of these points 
is caused by the onset of self-excited oscillations in the system. 
If no field limiting were present the power limit of the system 
would fall very rapidly as the regulator amplification was 
increased beyond the value at which the discontinuity occurs. 
The effect of the limiter in the region where hunting occurs is 
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Fig. 7.—Steady-state stability boundaries. 
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Fig. 8.—Effect of limiter on steady-state stability. 


tao = 5, te = 0:5, p = 50, 
1-0. No stabilizer. 


Vi,min = — 


shown in Fig. 8, where it becomes apparent that the limiter 
reduces the severity of the self-excited oscillations, thus causing 
the power limit of the system to be constant for larger values of 
regulator amplification. However, in view of these oscillations, 
it is clearly an unsuitable region for operation. 

The effect of the exciter- and generator-field time-constants on 
the stability of the system is demonstrated with greater clarity 
in Fig. 9. The regulator gain is fixed at 40, and the curves show 
the variations of the steady-state stability limit with 7, for two 
fixed values of Typo. These curves show that, for a maximum 
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Fig. 9.—Effect of exciter field time-constant on steady-state stability. 
u = 40. No stabilizer. 
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stability limit, there may or may not be an optimum exciter~ 
field time-constant, but in either case there is certainly a minimum 
value. alg 
In order to counteract the self-excited oscillations, a circuit 
simulating a stabilizing transformer was introduced into the 
regulator loop section of the computer, and its effect on curves 
(b) and (d) of Fig. 7 was investigated. In this stabilizing circuit 
(Fig. 5) gain and time-constant are both variable. The curves 
of Fig. 10 demonstrate that the stabilizer has the desired effect. 
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Fig. 10.—Effect of stabilizing transformer on steady-state stability. 


=5,u = 40 (a) ts = 2 T =2 
tte x (b) te = 0-25.26 = 0-5 
(c) T =2 %=O0-5 


It can be seen that, provided that the stabilizer gain is suffi- 
ciently large to enable operation on the upper flat portion of the 
curve to be possible, the stabilizer time-constant is not critical. 
To sum up the results of this Section it may be said that, for a 
regulated synchronous machine, there are several combinations 
of the various time-constants and amplification factors in the 
regulator loop which will allow the generator to operate at 
what appears (at this stage) to be its maximum power-limit 
(i.e. 1-75 per unit power) with this type of regulator. Provided 
that certain minimum values of some of these loop parameters 
are exceeded, the choice of their actual values is not very critical. 
The reservation ‘at this stage’ is included because reference 
to steady-state stability limits is again made in Section 6 as a 
result of observation of other feedbacks on transient stability. 


(6) EFFECT OF VOLTAGE REGULATOR ON TRANSIENT 
STABILITY 


(6.1) Without Subsidiary Feedback 


For the investigation of the transient stability of a generator 
and regulating device several tests may be applied, but all are 
concerned with the behaviour of the system subsequent to a 
sudden disturbance. The latter may be a fault on a transmission 
line, the dropping of a line section, a sudden application of load 
or a change in power input. 

The change in power input is the method used in the tests 
described below. The generator is adjusted initially to operate 
at rated power output and terminal voltage and is then subjected 
to a sudden increase in the power input. Transient stability is 
said to exist if the machine regains a state of equilibrium aftet 
such a disturbance. The generator is subjected to gradually 
increasing power impulses until the transient stability limit is 
reached and synchronism is lost. 

The initial conditions of rated power output and terminal 
voltage are maintained constant for all tests. The effects of 
changes in Tg9, T, and regulator gain on the transient stability 
limit are observed. 

The stability limit is plotted as a function of regulator gair 
for several different combinations of time-constants in Fig. 11 
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Fig. 11.—Effect of exciter time-constant on transient stability. 


tao = 5. No stabilizer. 


Let us consider curve (a). This shows that the transient stability 
limit is almost constant for regulator gains greater than five. 
Curve (5) shows the effect of decreasing the exciter-field time- 
constant; the power limit is increased slightly owing to the 
faster build-up rate of the exciter. : 

During the course of subsequent tests it was observed that it 
was not possible to raise the transient power limit by any sub- 
stantial amount above that shown by the flat region of Fig. 11, 
irrespective of the values of tyzg and 7,. This was, at first, 
thought to be due to the presence of the limiter in the loop, 
but further tests revealed that this is not true, since variation of 
the ceiling voltage had no effect on the transient stability limit 

_ of the system. 

It is concluded from these observations that the regulating 
system in its present form is too slow, and as a result is unable 
to deal with any large transient disturbances. We must assume, 
therefore, that if any noteworthy increase in the transient 

_ Stability limit of the generator is to be achieved, it must arise 
from the use of subsidiary feedback and networks in addition 
‘to the main regulating loop. 

During a transient the synchronizing torque generated in the 
machine is approximately inversely proportional to the transient 
_ reactance. Consequently the stability limit is increased as the 
transient reactance is reduced. To verify this statement the 
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Fig. 12.—Effect of transient reactance on transient stability. 
tao = 5, te = 2. No stabilizer. 


' transient stability limit of the system is plotted in Fig. 12 as a 
| function of . for three different values of the transient reactance. 

It can be argued that the effect of a voltage regulator, by virtue 
of the fact that it tries to maintain the terminal voltage of the 
‘nachine at a fixed value, is to reduce the synchronous reactance 
_ during steady-state operation. In so doing, the steady-state 
‘ stability limit is improved. 

_If by a subsidiary feedback the effective reactance could be 
seduced during a disturbance, an improvement in the transient 
*tability limit would be possible. Kron’ has suggested that a 
iositive feedback proportional to the rate of change of field 
<urrent can cancel the transient reactance. The following 
< «nalysis confirms this view. 
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Consider two coils representing the field and direct-axis 
armature circuits of a synchronous generator, the direct-axis 
circuit being short-circuited as shown in Fig. 13. In addition 
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Fig. 13.—Introduction of positive feedback proportional to the rate 
of change of field current. 


(a) Simplified circuit with positive feedback. 
(b) Complete system including positive feedback. 
(c) Analogue modification to incorporate positive feedback. 


to the normal field voltage V;;, a voltage equal to +MdI;,4/dt 
(obtained at the secondary of a current transformer) is amplified 
by a factor x’ and introduced in series aiding with V;z. In the 
analysis of transient reactance it is unnecessary to consider 
rotation; both coils are therefore assumed to be stationary. 
The equations for the circuit of Fig. 13 are as follows: 


Vg + Mp'dl pa = Zyalja — XaaPla (21) 
0 = X,aPlya — Zama (22) 
where Lja = Ryg + XpaP (23) 
Ph yi SN ey ae AGED (24) 

Eliminating the field current gives 
0 = Xj Via + XZuP*la — ZamlaZja + ZamMu'plg (25) 


If we divide throughout by X;,p and express Zz,, and Zyq in 
operational form, we get 


ne Xad py RygRam + taoP) + TamP)a 
X ja a XfaP 
X2,ply . Mp'Ram 
Bet a Reset eG NS VI 5 


426 ALDRED AND SHACKSHAFT: THE EFFECT OF A VOLTAGE REGULATOR ON THE 


If it is assumed that the field and direct-axis armature time- 
constants are large compared with unity (which is not 
unreasonable), eqn. (26) reduces to 


DCF | DES Mp’ Xam 
oir [ (mH) - 
Mage ONG Xf 


The quantity (Xgq,_, — X2,/Xjg) is the normal expression for 
transient reactance X;,,, and therefore from eqn. (27) it can be 
seen that the effective transient reactance is reduced by an 
amount equal to My’ Xgm/Xja- If Mu’ Xam/ Xfq is adjusted to 
be equal to X,,, — X2,/X;q, then effectively the transient 
reactance is cancelled. The practical significance of this is now 
demonstrated. 


pte (27) 


(6.2) Effect of Positive Feedback proportional to Rate of Change 
of Field Current 


In an actual system the method outlined above may be 
incorporated by modifying the regulator loop to that shown in 
Fig. 13(5). The regulating signal has been modified and now 
contains a voltage proportional to the rate of change of field 
current. In order that this signal shail not be interfered with 
before it reaches the field of the generator, a phase-advance unit 
is included to cancel the lag in the exciter field. 

In the computer the cancellation of exciter lag is simulated 
by removing the exciter analogue. The field-limiting device 
was also removed, since it was felt that a true assessment of the 
effect of this positive feedback loop could only be obtained if 
there were no limits. The modified analogue of the regulator 
loop is shown in Fig. 13(c). In this, changes in the main 
regulator amplification factor do not affect the amount of 
positive feedback, as such changes would in the case of the 
actual circuit of Fig. 13(6). In the analogue the scaling factor A, 
in the rate-of-change-of-field-current loop, is related to the 
parameters by the equation 


AL ME 
Ry 


where 4, is the overall gain of the phase-advance unit and the 
main amplifier. 

As previously stated, the object of the subsidiary feedback is 
to increase the transient stability limit of the system, but it is 
also found to have a marked effect on its steady-state stability. 
In Fig. 14 a curve is shown which indicates how the steady-state 
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Fig. 14.—Effect of positive feedback on steady-state Stability. 
Ur = 40, te = 0, ta9 = 5 
No stabilizer and no limiter, 


stability is affected by various amounts of feedback. The 
initial conditions are the same as in previous tests and the 
overall regulator gain is 40. Comparison of this curve with the 
results shown in Fig. 7 reveals that the flat part of the curve 


represents the ultimate steady-state limit of the system for the 
particular regulator gain selected for this test. For small values 
of A the system is liable to hunt continuously and is therefore 
not a very suitable region for operation. On the flat part of 
the curve the system does not hunt and appears to be an ideal 
region for operation. Further increase in A causes violent 
oscillation in the loop. The conditions at which these oscillations 
begin are found to be almost the same as those required for the 
complete cancellation of the transient reactance. These con- 
ditions are given in Section 6.1. This was verified in a series 
of tests involving various values of tgg and Xj. The onset of 
these oscillations was also found to be practically independent 
of the operating point of the machine and also the gain in the 
regulator loop. 

When the generator is subjected to transient tests of the same 
type as previously used, a very marked increase in the transient 
stability limit of the system is noted, as indicated in Fig. 15. 
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Fig. 15.—Effect of positive feedback on transient stability. 


ur = 40, te = 0, tao = 5 
No stabilizer and no limiter. 


Here, the reasons for the rapid decline in stability limit for small 
values of A and the comparatively rapid increase for large values 
of A are the same as those given for the steady-state case. The. 
central region of Fig. 15 is again eminently suitable for operation. 

It is also found that the higher the value of A the greater is the 

damping present, and just before the condition for violent 

oscillation is reached, the system is almost critically damped. 

A better assessment of the effect of the positive-feedback loop 
is perhaps obtained by examination of Fig. 16. Here two values 
of A have been selected and the steady-state and transient 
stability limits are plotted as functions of the overall regulator 
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Fig. 16.—Comparison of steady-state and transient stability 
boundaries. 


te = 0, tao = 5. No stabilizer and no limiter. 
(a) Steady-state limit for A = 1-5 or 2-2. 

(b) Transient limit for A = 2:2. 

(c) Transient limit for A = 1-5, 
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gain. The steady-state curve, i.e. curve (a), is identical to that 
given in Fig. 7 for the ideal regulator. The transient-stability- 
limit curve also follows this ideal characteristic up to the break 
points. Comparison of the curves of Fig. 16 with those of 
Fig. 11 clearly emphasizes the marked improvement that this 
type of feedback has on the transient stability. 


(7) CONCLUSIONS 


The results of the experiments show clearly that a continuous 
fast-acting voltage regulator, in conjunction with subsidiary 
feedback, can considerably influence the steady-state, dynamic 
and transient stability of a synchronous generator connected 
in a power system. Certain assumptions have been made con- 
cerning the equations of synchronous machines, and the results 
should be considered in relation to these assumptions. The 
assumptions (a) that voltages induced by the rate of change of 
armature flux-linkages are negligible, (b) that the effect of speed 
variation is negligible and (c) that armature and transmission 
line resistances are negligible, are considered by the authors to 
be quite valid for the majority of machines. The effect of 
saturation requires further investigation. 

The question of damping in the machine requires comment. 
in the experiments a salient-pole machine without damper 
windings has been investigated. Any damping due to the 
Seld winding is included in the analysis. The addition of damper 
windings may or may not have an effect on stability when a 
voltage regulator is used, since it appears that damping created 
by voltage-regulator action and subsidiary feedbacks may well 


_ outweigh any damping introduced by amortisseur windings. 
| This effect is particularly noticeable when the positive-feedback 
_ loop is added, as a result of which the system becomes almost 


‘ 
{ 


{ 


» of applying short-circuits. 
/ a clearer indication of the relative stability of the system. 


4 


critically damped. 

The method used by the authors for assessing transient 
stability may appear to be unusual. It was adopted in order to 
eliminate a number of variables (e.g. type, position, duration of 
fault and reclosing) associated with the more normal procedure 
It is felt that this method also gives 
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To summarize the more important result, it can be said that 
the positive feedback proportional to the rate of change of field 
current, in conjunction with the phase-advance circuit, enables 
the steady-state stability boundary to coincide with the ideal 
characteristic throughout the complete range of regulator gain. 
This is also true for the transient stability boundary over part 
of the range of regulator gain, but in this case an optimum value 
of gain exists. 
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DESIGN OF FRACTIONAL-SLOT WINDINGS 


By J. H. WALKER, M.Sc., Ph.D., Member, and N. KERRUISH, M.A. 
(The paper was first received Tth February and in revised form 1st April, 1958.) 


SUMMARY 


A theory is developed by which the electrical design of a standard 
fractional-slot winding may be readily established. Formulae are 
given for the calculation of the amplitude of the fundamental and the 
various harmonics, and three methods are developed for reducing the 
amplitude of any particular harmonic. 

The calculation of the noise produced by the vibration of the core 
set up by the lowest sub-harmonics is briefly discussed. A worked 
example is given which shows, inter alia, a practical method of design- 
ing suitable end connections for fractional-slot wave windings. 


LIST OF PRINCIPAL SYMBOLS 


A = Amplitude factor of flux-density wave. 
a = Radius of core at bottom of slots. 
b = Outside radius of stator core. 
c = (b/a)2. 
D=2R, =a + b. 
E = Young’s modulus. 
f = Natural frequency of vibration of core. 
F = Highest common factor of Nr and Pr 
= Number of sections in winding. 
g = Acceleration due to gravity. 
I = (b — a)/12. 
Kg, Kae, Kgo = Spread factors. 

K,» Kp1, Kp2 . - . = Pitch factors. 

L = Length of stator core. 


N =N7/F. 
Nr = Number of slots. 
n = Order of harmonics. 
Ny, = Number of conductors under equivalent 
positive and negative poles, respectively. 
12 SIV 
Py; = Number of pairs of poles. 
Pf = Force produced by flux-density wave. 
R=(a+))/2. 
S,; = Number of slots in winding pitch. 
u = Radial deflection of core by flux-density 
wave. 
by = 0-282(6 — a), lb/in. 
o = Poisson’s ratio. 


(1) INTRODUCTION 


The almost universal use of fractional-slot windings in medium 
and large 3-phase synchronous machines is due to the well- 
known advantages they offer from the point of view of manu- 
facture and operating characteristics! Their theory was 
apparently first published by Quentin Graham? and subse- 
quently extended by J. F. Calvert,? M. G. Malti and F. Herzog,4 
M. M. Liwschitz>>®7 and M. Liwschitz-Garik.8 

Although the contributions by these authors provide a basis 
for the design of fractional-slot windings, their theoretical 
approach and practical applications lack simplicity and rigour. 


Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
Dr. Walker and Mr. Kerruish are with the British Thomson-Houston Co., Ltd. 


The paper develops a simple analytical theory, in which the 
concept of the equivalent slot pitch is based on an unpublished | 
report by B. Adkins and N. Kerruish, and which is capable of 
ready application to the design of standard fractional-slot. 
windings. The theory covers methods of rearranging standard | 
windings in order to reduce undesirable space harmonics, par- 
ticularly those liable to cause noise and vibration, and simple 
equations are derived for calculating the amplitude factors of 
the fundamental and various harmonics. 


This theory takes no. 
cognisance of whether the windings are connected in lap or 
wave, since, in the words of Professor E. B. Moullin,? ‘the end 
connections concern us only in that they are necessary adjuncts 
to permit the current to flow in the desired directions’. 

The connections are a simple matter in the case of lap windings 
but may be complicated when wave windings are used. Since 
the latter are assuming increasing importance in the design of 
large hydro-electric generators a discussion is included of methods 
of designing the connections of both standard and modified: 
fractional-slot wave windings. 


(2) CONDITIONS FOR BALANCE IN 3-PHASE 
FRACTIONAL-SLOT WINDINGS 

A fractional-slot winding is one in which the ratio of the 
number of slots to the number of pairs of poles, reduced to its’ 
lowest terms, is not an integer. 

To ensure balance of the three phases certain conditions, 
common to all 3-phase windings whether integral or fractional, 
must be satisfied. The number of slots Ny must be a multiple: 
of three but need not be a multiple of the number of pairs of 
poles Pr. If Nr and Py have a highest common factor F the 
machine can be divided into F identical sections, each sectio: 
having N = N7/F slots and P = P;/F pairs of poles. Thus it! 
is only necessary to consider one section with N slots and P 
pairs of poles. 

In any one section, N must be a multiple of 3 and P must 
not be a multiple of 3. It is also necessary that if any conductor 
belongs to phase I, the conductor N/3 slots away in the same 
layer must belong to phase II and that 2N/3 slots away must| 
belong to phase III. In either layer each phase occupies NJ3) 
slots, and the grouping of the conductors in all three phases| 
must be exactly the same, but displaced N/3 and 2N/3 slots| 
respectively. 

If all coils have the same pitch, §, slots, the top layer has the 
same grouping as the bottom layer but displaced from it by S; 
slots, the conductor electromotive forces being reversed ir 
direction. In designing a winding it is thus only necessary tc 
consider the arrangement of conductors in one phase, and usually 
only in one layer. 


(3) THE STANDARD FRACTIONAL-SLOT WINDING 


In integral slot windings it is normal practice! to arrange the 
conductors in 60° phase bands so that under each pole there are 
three equal groups of conductors, each group corresponding t¢ 
a phase band. 


In a fractional-slot winding there will usually be three group. 
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of conductors under each pole, each group differing more or less 
from 60° in width and also differing similarly from the width of 
the groups under the other poles. It is thus necessary to arrange 
the groups of a given phase under the various poles so that all 
the conductors under, e.g., the positive poles are uniformly 
located within a 60° equivalent phase band under one equivalent 
positive pole, and that all the conductors under the negative 
poles are uniformly located within an equivalent 60° phase band 
under one equivalent negative pole; the positive and negative 
phase bands must of course be 180° out of phase. Such an 
arrangement of conductors, which, as in the case of integral-slot 
windings, gives the maximum value of the spread factor Kz of 
the fundamental wave and thus the best utilization, will be 
designated the ‘standard’ winding. Any variations from this 
winding, whatever favourable effects such variations may have 
on harmonics, will always reduce the value of K, for the funda- 
mental (see Section 12.1). 

If the numbers of conductors under the equivalent positive and 
negative poles are represented by n, and ny respectively, where 
(2, + 2) = N/3, and if N/3 is even, a condition for obtaining 
the maximum value of K, for the fundamental is that ny — n, = 0. 
This makes it possible to arrange 60° phase bands on the equiva- 
lent positive and negative phase bands. 

If N/3 is odd, nm, cannot equal n, and the maximum value of 
XK, is obtained when n, — ny = 1. Here the width of the two 
vhase bands will be slightly greater and slightly less than 60° 
but the sum of the angles will be 120°. 

With given values of N, P and n, — ny, it is now necessary to 
determine the arrangement of the groups of conductors, in a 
given phase, under the various poles to ensure that all the con- 
ductors are uniformly located in the two equivalent phase bands. 
‘Uniformly located’ implies that the electrical angles of the 
successive conductors in an equivalent phase band form an 

arithmetical progression. 

To determine this arrangement, let 


q 
ne eerie iy, ce eee se 
nes (1) 


where Y and q are integers, Y being the nearest integer to N/P. 
If g=1, Y = X, the slot pitches on the machine corresponding 
to one slot pitch under the equivalent pole. If g~ 1, eqn. (1) 

is multiplied throughout by x, thus 


xN xq 
Se + == 2 
P B90 6 cae P (2) 
where x is obtained from the relationship 
(P02 = ar il &” pee 6 eo 
Eqn. (2) can now be written 
xN 1 
sees MSPS 5 > 6 Ue Ue AGS 
Ie Xs IP (4) 


/where X is the nearest integer to xN/P. 

It is now possible, starting at conductor 1, to step forward 
| X conductors at a time so as to include in turn all N conductors. 
“Zhe total number of conductors traversed is XN, i.e. X times 
(yound the circumference. Now the electrical angle between two 
adjacent slots is 


(360n) 
N 


0, = GECteeS Iteuees < i+. (5) 


/w ere n represents the order of any harmonic and can assume 
1@ yintegral value. For the fundamental wave, n has the value P, 
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and the electrical angle between adjacent slots in the equivalent 
phase band is thus 


_ (360nX) 


20 depreesen chan eee) 


If the first conductor of the equivalent positive phase band is 
arbitrarily located at slot 1, the first conductor of the equivalent 
negative phase band must be located in such a position that the 
centre-lines of the two phase bands are mutually displaced by 
180°. To satisfy this condition the number of the first slot of 
the negative band (see Section 12.2) must be (M + 1), where 


Wl= (my — Ny) CX even) (7a) 
M = : -- “(ni — ny) (X odd) (7b) 


A standard fractional-slot winding can now be defined as one 
in which 

(a) ny — ny = 0 when N7/3 is even. 

Ny — Ny = 1 when N/3 is odd. 

(6) In each phase band the angle between adjacent slots under 
the equivalent pole pair is 20 degrees. 

(c) The centre-lines of the two phase bands are separated by 
180° under the equivalent pole pair. 


The spread factor of any harmonic (see Section 12.3) including, 
of course, the fundamental wave (n = P) is given by 


2 cos in + ny) | sin Cc = ms | 
anna r ci?) sini anaes 


2 sin GC air ms | cos an a ms | 
aioe ahh tov2) 610.0 ae 


Kae = (nX even) (8a) 


and Ky, = (nX odd) (8b) 


(4) EFFECT OF WINDING HARMONICS ON MACHINE 
OPERATION 

Fractional-slot windings generate so-called sub-harmonics, i.e. 
those having pole pitches greater than that of the fundamental 
wave. In general, all harmonics or sub-harmonics are present, 
although in special cases certain orders of harmonics may be 
absent. The general harmonic series for one repeatable section 
of the winding (see Section 12.4) is thus 


ja A aa Mey ey ed (at ity (aes i) 


The term in which n = P represents the fundamental wave, n 
less than P represents sub-harmonics and n greater than P 
represents harmonics. 

These are magnetomotive-force harmonics which, saturation 
being ignored, produce corresponding flux-density waves in the 
air-gap, and since these waves, apart from the fundamental, do 
not rotate in synchronism with the rotor, they produce Josses in 
the pole faces. With the equations given here the amplitudes 
of the harmonics can be calculated, and if necessary any par- 
ticular harmonic likely to cause excessive pole-face loss can be 
reduced by the methods given in Section 5. 

In some machines, however, particularly large hydro-electric 
generators and synchronous motors, an equally important con- 
sideration is the possibility of twice-line-frequency vibration on 
load of the stator core and frame due to sub-harmonics in the 
air-gap flux-density wave. Now, for a given amplitude of a 
force harmonic the maximum deflection of the core will be 
produced by the wave with the longest pole pitch, since the 
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deflection varies approximately with the cube of the pole pitch. 
It is therefore necessary to analyse the force wave in order to 
determine the amplitude of its lowest-order sub-harmonic. 
There are two cases: 
(a) No even harmonics in flux-density wave (ny = Mp). 
The dominant component of the force wave with the longest 
pole pitch (see Section 12.5) is represented by 


A,Ap+2 
Bae cos (20 = 2wt) 


(b) Even harmonics in flux-density wave (ny ¥ ny). 


The corresponding wave is given here by 


Ea | cos (@ + 2wf) 
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The force producing deflection is then proportional to the 
amplitudes of these waves, i.e. 


ASA. 

F, = Fea (ny, = N>) (9a) 
A,A 

a.-[feglrnem .. . 0» 


It can be shown!® that the radial deflection of the core by such 
waves is given by 


Pag| 10c3 + 18c2 + 30c +6 o 
MV St ae - =e 


6(c — 1)3 3 
(mode of vibration: 4-node) 


(10a) 


i.e. a cos 20 force-wave with F = 1 or a cos @ force-wave with 
1B sa) 
and by 
Fa [= + 96 +. 9¢5 + 25c4 + 5503 4+-7c2 +7e+7 o 

E 15(c — 1)3(c# + 4c3 + 10c2 + 4c + 1) 15 
(10d) 


uy 


(mode of vibration: 8-node) 


i.e. a cos 20 force-wave with F = 2 or a cos 6 force-wave with 
F=4. It is improbable on a priori grounds that higher modes 
will produce noise. 

The case F = 1 with a cos@ force-wave corresponds to a 
winding in which Pr is a prime number and nm; ~n>. This 
gives a rotating force-wave with the longest pole-pitch which is 
equivalent to a rotating unbalanced magnetic pull and which 
may lead not only to noise but also to mechanical vibration of 
the rotor. For these and other reasons this type of vibration 
is usually avoided and will not be considered further here. 

The noise radiated by a machine is proportional to v2DL. It 
is practically impossible to predict whether a particular machine 
will be noisy, and the best that can be done is to compare the 
value of u?DL with that of a similar machine already built 
whose behaviour is known, noting that the noise in decibels is 
a function of log (u?DL)."! 

Noise is not propagated unless the peripheral velocity of the 
force wave producing vibration is greater than the velocity of 
sound in air.'_ It thus follows that, corresponding to eqns. (10a) 
and (105), there are critical core diameters above which load 
noise will be propagated and may thus be excessive. For 
50c/s machines these diameters are 7 and 14 ft respectively, so 
that, in general, noise and vibration due to these sub-harmonics 
are more likely to be troublesome in large machines than in 
small ones. 
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There is also the possibility of the vibration being amplified by 
resonance between the natural frequency of vibration of the 
core and the frequency of the sub-harmonic. This natural fre- 


quency is given approximately by 


2°68 | Elg 
f, = ~—,|— 2). OM, Gis 
corresponding to eqn. (10a), and 
14-55 | Ele | 
$e Ee LESAN eee 11b 


corresponding to eqn. (108). 


(5) METHODS OF REDUCING WINDING HARMONICS | 
(5.1) Change in Width of Phase Bands | 


In a standard winding, n, — np is zero or unity, corresponding | 
to equal or nearly equal phase-band widths under the equivalent 
positive and negative poles. However, with a slight reduction in | 
the value of K, for the fundamental, the two phase bands may be 
made of unequal widths, since n; — nz is a disposable parameter. 
In eqn. (8a), (n; — nz) may be assigned, by inspection, such a 
value as will give for the required harmonic a minimum value of 

' 


sin [(m, — 7)0/2] and thus a minimum value of the amplitude of 
the harmonic. Similar considerations apply to the cosine term” 


in eqn. (85). 


(5.2) Interchange of Conductors at Ends of Equivalent 
Phase Bands 


In some cases a change in the value of n, — n, may not give 
sufficient reduction in the amplitude of a given harmonic. A‘ 
further reduction can then be obtained by interchanging con- 
ductors at the ends of the phase bands. This interchange may) 
be applied either to a standard winding or to one in which) 
ny, — np already has the optimum value for a particular harmonic} 
as described in Section 5.1. In the latter case the harmonic) 
will be subject to both reductions. 

This interchange is shown in Fig. 1, in which conductor D, 
situated (d — 1)/2 slots from the right-hand end of equivalent) 


t 


Fig. 1.--Displacement of conductors at ends of phase bands. 


phase band I+, is interchanged with a conductor E, situater 
(e — 1)/2 slots from the left-hand end of phase band HI—. i 
To preserve balance, conductors F, G, H, J and K, L mus > 


similarly be interchanged, the numbers d and e on phase band I-p 
being reversed. | 
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The value of the spread factor (see Section 12.6) for this new 
arrangement is given, for nX even, by 


: 
2 cos GC + ms | sin mé 
=, Se 
2 (my F ny) sin 0 


— 2cos Cc -- 225 + 2 cos c ae 20)5| (12a) 


and, for 7X odd, by 


2 sin on =e ms cos = 
ee Gn, + 75) “sin 0 


-- 2 sin jm = 225 | +2 sin Cc a 22)5| (125) 


where im = (nm; — ny). 
odd values. 

If, as is frequently the case, d = e, both equations can be 
simplified to a form in which the spread factor for any particular 
harmonic in a standard winding need only be multiplied by a 
‘actor Ky to obtain the spread factor for the rearranged winding, 
thus 


In both equations d and e can have only 


Kr = (1 — 4 sin @ sin d0) (13) 


It is obvious that this rearrangement need not be confined to 
the interchange of a pair of conductors at the edge of each phase, 
but may be extended to any suitable number of pairs of con- 
ductors; for example, for two pairs of conductors interchanged, 
eqn. (12a) becomes 


2 cos G + md 
(1, + m) 
mO 


sin — 


Kye 3 


— 2 cos c _ 2095 | — 2.cos [G2 — 241) | 


sin 0 
0 7 
+2cos (m + 2e)5 +2cos (m + 2e1)5 (14a) 
J 
/and eqn. (12) becomes 


2 sin Gc + ms 


K = 
le (ny + 7) 


m0 9 9 


+2 sin Cc + 20)5| +2 sin GC ~ 2205 | (146) 


These two equations may be similarly extended for three or 
imore interchanges on each equivalent phase band. 


(5.3) Displacement of Repeatable Sections 


This method of reducing harmonics is simply a method of 
lc taining what is in effect double chording.? Normal chording 
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or pitching of a winding produces a circumferential displacement 
of the top layer of conductors with respect to the bottom layer, 
the corresponding pitch factor being 


K, =sin(aS;7/N) . 


where SS; is the pitch of a coil expressed in number of slots. 

In Fig. 1 the conductors in the positive equivalent phase band 
of phase IJ are designated by I+; if the winding can be divided 
into two repeatable sections the conductors in the positive 
equivalent phase band of the other section, designated by I,+, 
are in phase with the corresponding conductors of the other 
phase band, as shown in Fig. 2(a). 


(15) 


(6) 


Fig. 2.—Displacement of repeatable sections. 


(a) Sections in phase. (6) Sections out of phase. 


It can be seen from Fig. 2(b) that it is a simple matter to 
arrange the conductors of I,;-++ out of phase with those of I,+ 
by any desired number of slot pitches under the equivalent pole- 
pair, i.e. by any desired electrical angle. Corresponding changes 
must be obviously made to I,— to preserve symmetry and 
balance. The resulting pitch factor for the existing harmonics 
(see Section 12.7) will be given by 


K,, = cos (nXS180/N) 


(16) 


where S represents the number of slots under the equivalent pole 
pair by which the two sections are displaced with respect to one 
another. 

The same analysis can be applied to three or more sections 
displaced with respect to one another. 

This displacement of, e.g., two repeatable sections produces in 
effect a winding of only one section, i.e. the pattern of con- 
ductors in a phase repeats only once instead of twice in one 
circuit of the machine. 

It thus follows that the general harmonic series given in 
Section 4 now has the additional order of harmonics represented 
by 1/2, 3/2, 5/2 . . . introduced by the displacement of two 
repeatable sections, and a check must be made on the amplitudes 
of the new harmonics in the force wave to ensure that none is 
greater than those previously existing. 

The pitch factor for the harmonics introduced by the dis- 
placement is 


K, 


52 = sin (nXS180/N) 


(17) 
(6) METHODS OF CONNECTING A WINDING 
The selection of the method of connection of a given winding 


for large machines is, in general, decided by economic and 
mechanical considerations, although reduction of eddy-current 
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losses and the design of coil insulation may play decisive roles. 
The discussion here will be restricted to the characteristics of 
lap and wave windings considered purely as methods of connec- 
tion. With multi-turn coils lap windings are always used, but 
with single-turn (bar) coils lap windings are usually employed 
only with small numbers of poles (Pr < 4); with larger values of 
Pr wave windings generally give a lower weight of copper, for 
although the weight of the end windings is increased by the 
inherent 100° winding pitch of wave windings, this is more than 
counterbalanced by the reduction in the weight of connectors. 

It is frequently necessary to connect a winding so as to obtain 
two or more circuits in parallel per phase, and the possible 
number of such parallel circuits is, of course, given by the common 
factors of 2P; and N7/3. For example, in connecting two cir- 
cuits in parallel in a winding with two repeatable sections (F = 2) 
it is only necessary to ensure that, if any conductor number v 
is in one circuit, conductor number (v + N) is in the other 
circuit. If, however, the winding has only one section, it is 
necessary to make the usual check to ensure that the two circuits 
are in phase. Similar considerations apply to three or more 
parallel circuits. 


(6.1) Connection of Wave Windings 


In medium and large a.c. machines, two-layer wave windings 
are almost invariably made from single bars or coil sides, the 
appropriate connections being made by soldering or brazing at 
the back and front of the winding. Such a winding permits 
great flexibility both in the choice of coil pitches and in the 
arrangement of end connections, but analytical procedure has 
largely to be abandoned and replaced by a few simple rules. 
By the application of these rules and, in some cases, the expendi- 
ture of time and ingenuity by the designer, a satisfactory wave 
winding can usually be obtained. 

In designing a wave winding it is important to remember that 
the winding pitch is established in the electrical design of the 
winding; in designing the end-winding and connections the coil 
pitch may have any value required to give the best overall 
mechanical design. 

The simple rules mentioned above are, for clarity, explained 
by means of practical examples. 


(6.2) Connection of Lap Windings 


Most lap windings are designed with multi-turn coils and the 
coil pitch is then identical with the winding pitch. The methods 
used for connecting these windings are simple and well known. 


(6.3) Selection of Electrical and Coil Pitch of a Winding 


The fractional-slot winding differs from the integral-slot wind- 
ing in that different pitches are available in the former according 


Table 1 
SLOT NUMBERS AND ANGLES ON PHASE I-+ UNDER EQUIVALENT POLE Parr. 


P=7,N =153. 1, = 26, nm) = 25 


Slot No. 1 23 45 67 
Angle (deg) 0 2:4 4:7 ical 9:4 
20 (deg) 0 362°4 724-7 etc. 
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to whether it is an overpitch or an underpitch, whilst in the 

latter an underpitch of 1, 2, etc., slot pitches is exactly equivalent 
electrically to an overpitch of 1, 2, etc., slot pitches. In the | 
multi-turn lap winding this property of the fractional-slot winding 
is not of much practical importance, since overpitching leads to | 
a substantial increase in the length of the end windings and thus | 
in the weight of copper and in the losses. In the wave winding, 
however, overpitching has no appreciable effect on the weight 
of copper, since the average coil pitch must always be about | 
100%, irrespective of the electrical pitch. 


(7) EXAMPLE OF APPLICATION OF DESIGN PROCEDURE | 
(x = 1) | 


(7.1) Design of the Standard Winding 


The following example is that of a large vertical hydro-electric | 
generator in which the number of stator slots is 306 and the | 
number of poles 28. The significant parameters are Nr = 306, | 
Py = 14, and the highest common factor of these two parameters | 
is F = 2. The equivalent machine thus has 153 stator slots of | 
7 pairs of poles, ic. N = 153, P = 7. From eqn. (4) for x =1} 


paint AG) 
aS =—212=—22 —i | 
po eae i 


so that the pitch of the slots under the equivalent pair is 22 (= X). | 
Now N/3 = 51, so that m; + m. = 51 and, for a standard wind- | 
ing, 1, — n, = 1, giving ny = 26 and ny = 25. From eqn. | 
20 = 362-£;°, or 255° in the first quadrant. Starting from slot 1 
and taking a pitch of X = 22 slots with the value of 20 = 2,8;°, | 
Table 1 can be compiled for the arrangement of bottom con- ( 
ductors in one phase. This will give n; = 26 slots uniformly | 
distributed over a phase band under the equivalent positive pole 
with a width of (5844 + 2;3;°)° = (60° + 6). 

The n, (=25) slots under the equivalent negative pole are) 
required to satisfy similar conditions but to be displaced by® 
180 electrical degrees from the phase band under the positive} 
pole. To satisfy this latter condition the first slot of this band} 
is found from eqn. (7) to be slot 12, ic. M=11. The corre-: 
sponding arrangement is given in Table 2. 

For ready application of these Tables to the layout of the} 
winding, the slots in both phase bands are rearranged in sequence, |) 
as shown in Table 3. 

In order to obtain the arrangement of the bottom on ee 
in the other two phases, Table 4 is prepared in the following) 
manner. The phase-I column in this Table is obtained by! 
writing 4 to represent slots 1, 2, 3, 4 in Table 3 under a positive, 
pole, the next represents slots 12, 13, 14, 15 under a negative) 
pole and so on. The ring round the top ‘4’ indicates that the! 
first conductor of this group is arbitrarily selected as the start) 
of phase I. The start of phase II will be 2P (=14) phase groups) 


STANDARD WINDING 


11:8 14-1 


18-8 Do) 


Slot No. 
Angle (deg) 


25 
35)28) 


47 
37-6 


69 
40 


113 
44-7 


135 
47-1 


Slot No. 
Angle (deg) 
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Table 2 
SLOT NUMBERS AND ANGLES ON PHASE I— UNDER EQUIVALENT POLE PAIR. STANDARD WINDING 


P=7, N = 153. 


LF 26, Ti5e—— 25 


Slot No. 
Angle (deg) 


Slot No. 


Angle (deg) 


Slot No. 
Angle (deg) 


Table 3 


SLoT NUMBERS, IN SEQUENCE, ON Puases I-+ AND I— UNDER EQUIVALENT POLE PAIR. 


STANDARD WINDING 


P=7,N=153. n, =26,n, =25 
Positive poles “e Ae 2s 35.4 PES PEN DEAS 45, 46, 47, 48 67, 68, 69, 70 
89, 90, 91, 92 ie ais 133, 134, 135 
Negative poles 12 1351415 34, 35, 36, 37 56;/97,.58, 52 78, 79, 80, 81 
100, 101, 102 12251235124 144, 145, 146 


‘arther on, and that of phase III will be 4P (=28) phase groups 

from the start of phase I. The starts of the other two phase 
groups having thus been determined, the pattern of groups of 
conductors must in each case follow that of phase I as shown. 
Table 4 thus gives the position of all the bottom conductors in 
_ail three phases. 


Table 4 


_ ARRANGEMENT OF BOTTOM CONDUCTORS IN ALL THREE PHASES 
STANDARD WINDING 


P=7,N =153. n,; = 26, n, =25 

+ or — pole Ph. I Ph. I Ph. IL 
(4) 4 3 
4 4 3 
4 4 3 
4 4 3 

4 3 (4) 
a 4 3 4 
ae 4 3 4 
ms 4 3 4 
+ 4 3 4 
a 3 (4) 4 
ee 3 4 4 
— 3 4 4 
fe 3 4 4 

‘2 3 4 3 | 


From eqn. (8a) the value of Kz, for the fundamental is found 
“te be 0-956. 

The electrical winding pitch is S; =9, so that from eqn. (15) 
‘the pitch factor K, of the fundamental is 0-963. Since n; A np 
‘tie harmonic nearest in order to the fundamental is the 8th and 
‘the force harmonic with the longest pole pitch [from eqn. 9b)] is 


idle ed 


VoL. 105, Part A. 


Again, from eqn. (8a) the value of K,, for the 8th harmonic is 
0-041 7 and K, = 0-995, so that P, = 3-35 x 10-2: 

Since the force wave is of the form cos @ and since F = 2 and 
L=25, the value of u, is found from eqn. (10a) to be 
0-908 x 10-3. The noise energy is proportional to 


(u,)2DL, which is 48-2 x 1074 


From eqn. (11a) the natural frequency of vibration of the 
core, f>, is 12-4c/s, so that there is no danger of resonance 
with the force wave, which is at twice line frequency. 


(7.2) Reduction of Harmonic by Changing Relative Width of 
Phase Bands 


The machine in question emitted a pronounced 100c/s noise 
on load; in order to reduce the (n = 8) harmonic, a change in 
the relative widths of the phase bands, as explained in Section 5.1, 


was investigated. In eqn. (8a), for n =8 we have sin G — Np) ‘] 


= sin [(m; — mz)76-47]. Since N/3 (= 1, + 1) is odd, nm, — ny 
must also be odd, and, by inspection, n; — nm. =5 gives the 
lowest value of this sine term. The spread factor of this sub- 
harmonic then becomes 0:0165, a reduction of more than 60%. 
The spread factor of the fundamental wave is practically 
unchanged. The resulting value of (u,)?DL is now 7:56 x 10~*. 

Since n, +m, = 51 and nm, — n, = 5, we have nm, = 28 and 
Ny = 23; the positive equivalent phase band thus contains 28 
conductors spread over 65+5° and the negative band contains 
23 spread over 54,3,°.. This requires Table 1 to be extended by 
a further 2 conductors, i.e. 114 and 136, and Table 2 to be 
reduced by 2 conductors, ic. 12 and 34. The new winding 
arrangement with the conductors arranged in number sequence 
as in Table 3 is given in Table 5. As before, these sequences can 
be used to construct Table 6, showing the location of bottom 
conductors in all three phases. 


(7.3) Reduction of Harmonic by Interchange of Conductors 


To obtain a possibly greater reduction in the 8th harmonic a 
tentative interchange of the conductors at the ends of the 
equivalent phase bands was also investigated. Thus, in eqn. (13) 
let d =e =1 so that the reduction factor Ky for the spread 
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Table 5 | 
Sot NuMBERS, IN SEQUENCE, OF PHASES I+ AND I— UNDER EQUIVALENT PoLeE Patr. MOopiFrED WINDING 
n, = 28, ny = 23. 


P=7, N = 153. 


Positive poles facesae 23, 24, 25, 26 45, 46, 47, 48 67, 68, 69, 70 | 
89,90, 91,92 111, 112,113,114 133, 134, 135, 136 | 
Negative poles 13, 14, 15 35, 36, 37 56, 57, 58, 59 78, 79, 80, 81 
100, 101, 102 122, 123, 124 144, 145, 146 | 


factor of the 8th harmonic, as compared to its value in the 
standard winding, is 0-173. Similarly Ky of the fundamental 
wave is 0-998. The value of (u;)?DL is then 1-44 x 1074. 

In Table 1 conductors 1 and 92 are removed and replaced by 
conductors 132 and 114, and in Table 2 conductors 12 and 81 
are replaced by conductors 143 and 103. The tabular representa- 
tion of the conductors in sequence, given in Table 7, can be 
obtained directly from Table 3 by adding and subtracting con- 
ductors as stated above. 

The interchange of conductors could, of course, have been 
made to the arrangement of wide and narrow phase bands. 


(7.4) Reduction of Harmonic by Displacement of Repeatable 
Sections 


The pitch factor for displacement of the two sections in this 
example is K,g = cos (2078) for the first sub-harmonic. It 
can be seen that a minimum value of this factor is obtained 
with S = 3 so that K,g = 0-153. Then for the fundamental, 
K, = 0-999 and the resulting value of (u,)*DL is 1:13 x 10~‘. 
However, there is a complication here, since, as stated in 
Section 5.3, the displacement of the sections introduces a new 
series of harmonics of which the one of the longest pole pitch is 
of the form cos @ with F = 1. 

For reasons already stated this is undesirable and would not, 
in this case, normally be considered as a satisfactory method of 
reducing noise. For the purpose of exposition, however, the 
design of this variant of the standard winding with S = 3 will 
be worked out in detail. 

The layout of the second repeatable section in the standard 
winding is exactly the same as that in Tables 1-4 except that 
153 is added to all the conductor numbers. To shift this second 
section with respect to the first section, by three slots, the first 
three conductors in Table 1 (1, 23 and 45) are omitted and the 
three conductors 114, 136 and 5 added. Similarly, in Table 2 
conductors 12, 34, and 56 are omitted and conductors 103, 125 
and 147 added. The number Table for the whole winding will 
then be as shown in Table 8; the top half is a duplicate of Table 4 
and the bottom half includes the modification mentioned above. 

An inspection of this Table shows that, as would be expected, 
the second half of the winding in, e.g., phase I has the same 
cyclic grouping of conductors under successive poles as in the 
first half except that the relative position of corresponding 
groups in the two sections has been moved 3 (=S) pole pairs. In 
general, the relative shift is Sx pole pairs (see Section 12.8). 
This fact permits Table 8 to be compiled for a given value of S 
directly from Table 4, assuming that a standard winding is used 
for each section. The procedure will be exactly the same for 
non-standard windings. 


(7.5) Comparison of Results 


The audible noise in decibels is a function of 10 log DLu2/10 
and the values for the four cases are as follows: 


Standard winding = — 33-2dB 
ny — My = 5 = — 41-:3dB 
USO = = — 48-4dB 
Se—=3 = — 49-5dB 
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These values show that, taking the noise of the standard 
winding as the reference level, the first modification will reduce 
the noise by 8-1 dB, the second by 15-2 dB, the third by 16-3 dB. 
For reasons already given, the last alternative is not desirable | 
but the third (d = e = 1) would give a substantial reduction in | 


Table 6 


ARRANGEMENT OF BOTTOM CONDUCTORS IN ALL THREE PHASES | 
MOopIFIED WINDING | 


P=7,N =153. m =28, ny = 23 


+ or — pole 


(4) 
3 
4 
3 
4 
4 
4 
4 
4 
3 
4 
3 
4 
3 


AAR ARO A O(A)O RW A 


Roa vA)O RADAR AAR 


Table 7 


ARRANGEMENT OF BOTTOM CONDUCTORS IN ALL THREE PHASES}! 
MOpDIFIED WINDING i 
I 
\ 


P=7,N =153. n, =26,n, =25,d=e=1 


as] 
Ll 
ac} 
i 
F 


RULRAAR AA LY)A ROA 


4 
4 
3 
3 
4 
4 
3 
4 
4 

S 
4 
4 
4 


Sorera cee 
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Table 8 
ARRANGEMENT OF BoTroM CONDUCTORS IN ALL THREE PHASES 


P=] N= 153, 7 = 26, hy = 2508 23 


+ or — pole 


P 
Z 


Povo whaAR AA A A AG) 
CARA A AR A A AL) Oo & 


RRA AG) LYOHEWAARA 


AAR RA RA Rw & & Os) 
RRA ROY LLoaAA AA 


wovoar AA RA AR A 


the noise level; owing, however, to the delay involved in recon- 
necting a heavy-current high-voltage stator winding this modi- 
fication was not made. On site the machine was erected in a 
pit below floor level and the 100c/s vibration and noise were 
therefore scarcely perceptible in the station. 


(8) CONNECTION OF WAVE WINDINGS 
In designing the layout of the end windings and connections 
for wave windings certain conventions are assumed which con- 
siderably simplify the work and which are most conveniently 
explained by reference to an actual example. 


(8.1) Hydro-Electric Generator with Standard Winding 
This example corresponds to the standard winding of which 
the electrical design is given in Section 7.1. Broadly speaking, 
here are two methods of designing the end windings. They are 
liscussed in Sections 8.1.1 and 8.1.2. 


*8.1.1) Short and Long Coil Pitches. 

This method involves the use of a back coil pitch which 
-orresponds to the required electrical pitch of the winding and a 
tont coil pitch which is selected so that the sum of the back and 
ront pitches is equal to the integer nearest to N/P. Since the 


’ 
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back coil pitch is equal to the winding pitch, the pattern of the 
top conductors will follow that of the bottom conductors but 
displaced by S, slots. With this arrangement there is no need 
to make special connections at the back of the winding, and it is 
therefore only necessary to consider bottom conductors, i.e. 
those which, viewed from inside the stator core, have the shape 
shown in Fig. 3. Successive bottom conductors will therefore 


BACK 


RH, SIDE L.H. SIDE 


BOTTOM TOP 
CONDUCTOR CONDUCTOR 


LH. SIDE FRONT RH. SIDE 


Fig. 3.—Designation of coils of wave winding. 


be in a sequence given by the double coil pitch, i.e. the sum of 
the back and front coil pitches. : 

Referring now to Fig. 4, the layout of the winding proceeds 
as follows. The back coil pitch is from slots 1 to 10, corre- 


154—176—198—220—242 — 264 — 2867 2 
155—177—199— 221— 243 —265 — 2874-3 
156-178 —200—222— 244 — 266 — 2884-4 


157-179 —201—223— 245 


1— 23 —45 —67— 89 —1l1— 133 
2—24— 46— 68 — 90 —112—134 
3—25 — 47— 69 — 91 — 113—135 
4—26— 48—70 — 92 


12 
275 — 297 13 
276 — 298— 14 
277— 299 —15 


165—187—209—231— 255 
122—144 — 166-188 —210—232— 254 
123-145 — 167—189— 211 — 233—255 
124-146 — 168—-190—212— 234 


12—34 — 56 — 78 — 100 
{$—35 —57—79 — 101 
14—36 — 58 — 80— 102 
1S=—37—59— 81 


Fig. 4.—Standard wave winding. Number diagram: P = 7, N = 153, 
ny = 26, n2 = 25. Winding pitch, slots 1-10, coil pitch, 1-10 back, 
1-14 front. 


sponding to an electrical pitch of 82:3%. Since the integer 
nearest to N/P is 22, the double coil pitch is preferably 22 and 
the front coil pitch is (22 — 9) = 13, i.e. from slots 1 to 14. 
The groups of conductors given in Table 4 for phase I are 
set out in vertical columns as shown in Fig. 4, each vertical 
column representing positive (alternate) poles. This winding has 
two repeatable sections, so that the second half of the winding is 
formed by adding N7/2(=153) to all the slots in the first half 
of the winding. As can be seen, the horizontal rows are formed 
by adding 22 to the numbers in the first vertical column, then to 
the next vertical column, and so on. The negative circuit is 
formed from Table 4 in a similar manner, the vertical columns 
representing the negative (alternate) poles. This number Table 
having been produced, the connection for two parallel circuits per 
phase proceeds as follows. A preliminary step, which may have 
to be modified later, is to connect as many conductors as possible 
with short horizontal lines, since these represent a regular pro- 
gression through the winding with no special connectors. In 
doing this, care must be taken that, for any conductor a included 
in one circuit, the conductor in phase with it (i.e. conductor 
a+ N7/2 =a + 153) is in the other circuit, in order to ensure 
balance and phase equality between the two circuits. The next 


436 


step is to insert the jumpers (connectors) to enable the con- 
ductors under both the positive and negative poles to be con- 
nected into their appropriate circuit, noting that, by convention, 
progress through the positive poles in Fig. 4 is from left to right 
and through the negative poles from right to left. The position 
of these jumpers having been settled, each circuit should close 
on itself and include 4(N7/3) = 51 conductors. The two circuits 
can then be opened at two convenient points and the start and 
end of the phase can be established. 

In deciding on the positions of the jumpers and the start and 
end of the winding, the general rule is to select an arrangement 
which gives the minimum length of jumpers and paralleling 
connections, as shown in Fig. 4. 


(8.1.2) Equal Pitches Back and Front. 

The winding just described, although giving a simple arrange- 
ment of jumpers and paralleling connectors, has a substantially 
longer overhang at the front of the winding than at the back. 
As already shown, if this winding were overpitched the longer 
overhang would be at the back of the machine. In some larger 
machines of relatively high speed it is an advantage to make the 
front and back pitches equal from the point of view of mechanical 
layout of the whole machine and also of equalizing the stresses 
in the end windings under short-circuit conditions. This result 
is obtained by the method shown in Fig. 5. The top and bottom 
conductors of a portion of the repeatable section of the standard 
winding discussed in Section 7.1 are shown in Fig. 5(a). Now, it 
can be seen that conductors can be moved from the top of a 


SLOT NUMBER 


See tO) ail 12) IS MS NG IT 18 AGS 20228, 22) 723 4 82S) 6 
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Fig. 5.—Conductor diagram. Transposition of top and bottom 
conductors in a slot. 
(6) Arrangement for equalizing front and back pitches. 


(a) Normal arrangement. 
slot to the bottom of the same slot without any change in the 
electrical characteristics of the winding as a whole. It is there- 
fore possible to move all the available conductors under succes- 
sive poles to the bottoms and tops of the slots, as shown in 
Fig. 5(6). Thus, under the first pole, conductor 153 is moved 
from the top of the slot to the bottom of the same slot under 
the second pole, conductors 14 and 15 are moved from the 
bottoms of the slots to the tops, and so on for the remaining 
poles. Fig. 5(6) can now be translated into a connection 
diagram as shown in Fig. 6. 
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—— 10 — 21 — 32 43 — 54 — 65 — 76 —87— 98 — 109 ~120 131 — 142— 153 
ee — 22— 33—44 — 55 — 66 — 77— 88— 99 — 110— 121— 132-143 — 154 
112 — 23 = 34-45 —56 — 67 —78— 89—100—1i1 — 122—133— 144 — 155 


2—13 — 24— 35—46 — $7 — 68 — 79— 90—101— 112 — 123-134-145 — 156 
314 — 25 — 36-47 — 58 — 69 — 80— 91-102 —=113 — 124135 —146 —157 


4-15 — 26— 37—48 —59 — 70— 81 — 92 
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It will be noted that in this diagram both top and bottom con- 
ductor numbers are shown, whilst in Fig. 4 only bottom conductors 
are shown. As already stated, this is necessary if jumpers are to 
be fitted at the back of the winding. In general, but not invari- 
ably, when conductors have been moved from the bottom to the 
top of the slot and vice versa and parallel circuits are required, a 
better connection arrangement is obtained by fitting jumpers at 
the back, and it is then necessary to show both top and bottom 
conductors in the winding diagram (Fig. 6), since the pattern of 
the top conductors does not follow that of the bottom conductors. 
It must, however, be emphasized here that moving the position 
of the conductors in the slots does not affect the electrical pitch 
of the winding, which is determined only by the electrical angle 
between the various conductors around the stator core. Moving 
the conductors in the slots merely permits a change in the 
coil pitch. 

Since in Fig. 4 the double coil pitch is 22 slots, in Fig. 6 the 
back and front coil pitches may each be equal to 11 slot pitches, 
i.e. from slots 1 to 12. In connecting up, the same procedure is 
followed as in Fig. 4, except that additional rules must be 
observed. Referring to Fig. 3 it can be seen that the number 
representing a bottom coil side can be connected on its right-hand 
side to the left-hand side of a number representing a top coil side. 
Similarly a number representing the left-hand side of a bottom 
coil side can be connected to the right-hand side of a number 
representing a top coil side. It is not possible to connect the 
right-hand side of a bottom conductor with the right-hand side 
of a top conductor or conversely. The connection diagram 
shown in Fig. 6 is straightforward and requires no further 
comment. 


(9) CONCLUSIONS 


A simple method of calculating the electrical design of a frac- 
tional-slot winding and of determining the amplitude of the sub- 
harmonics and harmonics generated in the air-gap flux-density 
wave has been developed. It has been shown that interaction 
between the fundamental of this wave and the harmonic nearest 


in order to the fundamental produces a force wave which may 


lead to vibration and noise on load. This leads to the conclu- 
sion that machines having a number of pole pairs which is prime 
should, if possible, not have windings in which the number of 


slots per phase is odd. Three different methods of modifying | 


a standard winding in order to reduce the amplitude of any 
particular harmonic have been evolved; the method of displace- 


ment of repeatable sections is unlikely to be of great practical 


value in the lessening of noise, since by reducing one particular 
harmonic a further series of undesirable harmonics is intro- 
duced. In large low-speed synchronous generators the choice 
between lap winding and wave winding is determined largely 


163-174 — 185—196 - 207-218 —229—240-251—262—273-284 map 
164—175 — 186 —197—208-219—230—241=-252—263—274—285 — 206-4 | 
165—176 — 187—198 —209-220 -231 — 242-253-264 -275 -286 — 297-2 


166-177-188 199 —210—221 —232—243—-254-265-276=287— 298-3 
167-178 — 189 -200 -211—222—233 —244 -255 -266~277-288—299-4 
168-179 —190— 201—212—223—234 —245. 


et, 


154—165— 176 —187—198—209-220 -231 — 242-2534 264-275-286 -297- 2 — 13 


12~23 — 34—45—56— 67— 78 — 89 —100 M1 (22 —133— 144155 166-177 — 188—199— 210—221—232— 243 —254 


13=24'—35— 46 —57—68 —'79 — 90 —10 


Fig. 6.—Standard wave winding. Number diagram: P = 7, N = 153, ny = 26, np 
back and front. 


= 25. Winding pitch, slots 1-10, coil pitch, 1-12 


== 
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Fig. 
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=55— 66 — 77— 88 —99— 10 + 121-132-143 — 154 - 
45—56— 67— 78 — 89— 100 — 1! — 122—133— 144 — 155 
46— 57— 68 — 79 — 90— 101 — 112— 123-134 145 — 156 
4T —58— 69 — 80— 91— 102— 13 —124—135—146— 157 
48—59— 70— 8{— 92—103—114 — 125-136 - 147—158 
49—60— 71— 82— 93 159 


46—57— 68 —79— 90— 1014 112-7 123 


1 

—>154—176 —198—220 —242 — 264 — 286 —2 

1 23 — 45 — 67 — 89 — 111 —133 — 155 —177— 199 —221— 243 — 265 — 287— 3 
2— 24 — 46 — 68 — 90 — 112—134 —156—178— 200-222-244 — 266 — 288 —4 


325 = 47 — 69 — 91 — 113 —135 — 157179 —201— 223 — 245 — 267 — 289 
4— 26 — 48 — 70 —92 — 114 —136 


t 209-231 — 253 — 275 — 297 
166—188—210—232—254 —276 — 298 
167—189—211 — 233 —255 — 277 — 299 
168—190 —212—234 


tes6— 78 o—i22—t4a 
13-35 — 57 — 79—101 — 123-145 
14-36 — 58 —80— 102 —124—146 
13 = 57— 59—"B4 


7.—Modified wave winding. Number diagram: P = 7, N = 153, 
ny = 28, n2,= 23. Winding pitch, slots 1-10, co‘l pitch, 1-10 back, 


1-14 front. (See Table 6.) 


202-213—224— 235-246 
137: 


155 177 199— 210 -221— 232-243-254 


156—167— 178 —189—200—211— 222-233 — 244-255 


14— 25 —36— 47— S8— 69— 80— 9i— 102 124 146 


Fig. 8.—Modified wave winding. Number diagram: P = 7, N = 153, m = 28, nz = 23. Winding pitch, slots 1-10, coil pitch, 1-12, back 


> 208— 219 —230 241-252-263 — 274-285 — 296 —1 
198— 209— 220 — 231— 242-253 —264— 275-286 — 297-2 
199— 210 — 221 —232—243=—254 —265—276—-287— 298=3 
200-211 —222— 233—244—255—266 — 277—288— 299-4 
201-212-225 —234— 245-256 —267— 278-289 — 300-5 


290 


eal 
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65-7276 + 287 apo 
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and front. (See Table 6.) 
284— 
al 134 ——— 175 — 197 = 219 — 241 — 263 + 285-41 US SILN, PIT MSAD alii at) 
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mei — 23 — 45 — 67 — B89 — fe 133 — 155177 = 199 — 221 — 243 — 265 287-3 Se HIS I) IOS | BY Se) 
> 2—24 — 46— 68 — 90 — 1124 134 — 156—178 — 200-222 ——— 266 ACO A810 192 
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Fig. 9.—Modified wave winding. Number diagram: P = 7, N = 153, 
Winding pitch, slots 1-10, coil 


mM = 26, tn = 25, d=e=1. 


pitch, 1- 10 back, 1 14 front. (See Table 7.) 


= 154 198—220—242—264— 286—2 
45 —67 —89 — 111 — 133 — 195—177— 199— 221 —243 — 265 — 287 —3 
2—24 — 46 — 68 — 90 — 112 — 134 — 156 —178 —200 —222 — 244 — 266 — 288—4 
3—25 — 47— 69— 91 — 115 —135 — 157-179 —201—223 — 245 —267 — 289— 5 
4—26 — 48 —70 — 92— 114 — 136 — 158-180 —202— 224 — 246 — 268 — 290— 6 


>| 


Ny = 20 — 25S — 
1-10 back, 1-14 front. 


w219— 241 — 263 —285—1 
154 —176—198—220—242— 264— 286— 2 
155 —177—199—221— 243 — 265 — 287— 3 
156 =178—200—222 — 244 — 266 — 288 — 4 
157 


> 230 — 252 — 274 — 296 — 12 
165—=187—209—234 — 253 — 275 — 297 — 13 
166-188 —210—252 — 254 —-276—=— 298 — 14 
123145 167 189 — 211 — 233 — 255 — 277 299 me 5S, 
124—146 


1$=35— S7— 79 — 108 
14—36 —58 — 80 —102 
1S—37— 59— 81 


(See Table 8.) 


219 — 241 — 263 —285—1 

154-176 —198—220 —242— 264 — 286—2 

{—23 — 45 —67 — 89 —11{—133 4-155 —177—199 —221 —243 —265 —287 — 3 

2—24 — 46 —68 —90 —112—134 +-156—178—200—222 — 244 —266 —288 — 4 

5 —25 — 47—69 — 9} — 113 —135 4 157—1 79 —201 —223 —245 —267— 289 — 5 

4—26 — 48 —70 — 92 — 114 — 136 + 158 —180 — 202-224 — 246 —268 —290 — 6 
5—27 —49— 71 — 93 — 115 —157 


| 210 —232— 254 —276 — 298 — 14 


$— 27— 49 — 11 —93— 15 — 137 — 159-181 — 203-225 269 ae 
6—28 —50—72 ———116 
298 — 
{45 ————189 — 211 —233 = 255 —277-—F 29915 
— 36—58— 80— 102— 1244 146 — 168-190 212-234 278 


1S—37 —59 — 81———— 125 


fig. 10.—Modified wave winding. Number diagram: P = 7, N = 153, 
Winding pitch, slots 1-10, coil pitch, 


ny = 26, m. = 25,d=e=1. 


1-12, back and front. (See Table 7.) 


iy = 26, th = 2), S = 3: 
1-12, back and front. 


145 —167—189 — 211 — 233 —255 — 277 — 299 — 15 
14—36 — 58— 80 + 102— 124 fe 


1S—37— 59 — 81 


Fig. 12.—Modified wave winding. Number diagram: P = 7, N = 153, 
Winding pitch, slots 1-10, coil pitch, 


(See Table 8.) 
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Fig. 11.—Modified wave winding. Number diagram: P = 7, N = 153, 
Winding pitch, slots 1-10, coil pitch, 
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by mechanical considerations, and in these machines the wave 
winding offers decided advantages from the point of view of 
simplicity of end connections. 
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(12) APPENDICES 


(12.1) Determination of Optimum Widths of Equivalent 
Phase Bands 


The value of K, for the fundamental is obtained by putting 


n =P in egn. (18), developed in Section 12.3. Since, from 
eqn. (4), xN = PX + 1 eqn. (18) may be written 


_ sin (7,6) + (—1)°% sin (7,6) 

(ny, + N>) sin 7 
It is required to find values of n, and n, such that K, is a maxi- 
mum, provided that n; + n, = N/3 and is a constant. 


There are two main cases to be considered, depending on 
whether JN is even or odd. 


Ky 


N even. 
This implies that n, + n, and n, — ny are both even. 


oe sin (n,@) + sin (n}6) 
fy (mn; + nz) sin 8 


- 2sin (es | cos ese) | 


‘S (ny + ny) sin 6 
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Hence, since m, +, is constant, Kg is a maximum when 


| Gale , ; 
cos ae is a maximum, i. when mn, =n and 


cos [eee = 1 or K, is a maximum when 7m, — n2 = 9. 


N odd. 
This implies that n, + n, and n, — ny are both odd. 
_ sin (1,0) + (—1)* sin (126) 


Ka (m, +m) sin® 


There are now two variants, depending on whether x is odd or 
even. It can be shown in the same manner as for ‘N even’ 
that in both these cases Kg is a maximum when 7, — nz = 1. 


(12.2) Slot Number of First Conductor in the Negative 
Phase Band 


Let the first conductor in the positive phase band be A. 
Then, referring to Fig. 1, conductor J is (N/2) + [(m, — n,)/2] 
positions away. 

The interval between two consecutive positions in Fig. 1 
corresponds to a jump of YX slots on the actual machine, and 
we have 


W + my — m)X 
2 


This can be simplified, since a jump of N slots comes back to 
the same slot, and the expression reduces to 4X(m, — nm) when 
X is even, and [4X(n,; — my) +4N] when X is odd. This 
means that, if, for example, the positive phase band starts in 
slot No. 1, the negative phase band (if X is even) starts in slot 


No. E 45 oe 


Number of slots between A and J = 


(12.3) Determination of Spread Factor (K,) for Harmonic 1 


Let ob be the angle between the axes of symmetry of the positive 
and negative phase bands of one phase, referred to the harmonic 
n; then & = ON = (nX 180°). 

Let $, be the angle between a typical slot in the positive band 
and the axis of symmetry of that band. 

Then ¢, has the values 


—(ny = 1)8, —(n, — 3)0 culeiee (ny; — 3)6, (ny; — 1)0 
Hence & (cos ¢,) = cos [—(n, — 1)6] + cos [—(n, — 3)6] 
+...+ cos [(#, — 3)@] + cos[(m, — 1)0] 
_ sin (7,6) 


sin 8 


The values of the angle $5, between a typical slot in the 
negative phase band and the axis of symmetry of the posi- 
tive phase band, are [x — (nm) — 1)6], [% — (1, — 3)6],... 
[% + (nz — 3)6], [yb + @, — 18]. Hence 


E (cos $3) = (—1)"* ia )] 


sin 8 
Since the currents in the negative groups are reversed the 
sum of cosines for the (7; + 75) slots is 
1 5 ! 
x cos ¢ = aap [sin (1,0) — (—1)"* sin (n.6)] 


__ sin (1,8) — (—1)"* sin (n.6) 
(n, + no) sin 6 ; 


Hence Ky (18) 
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(12.4) Presence of Harmonics 


(12.4.1) Harmonics due to Current in One Phase. 
From eqn. a 8) it is apparent that in general K, is not zero, 
i.e. all harmonics and sub-harmonics are present. 

From eqn. (18) it can be seen that the even harmonics do 


not necessarily vanish when N is even. The condition n, = n5 
must also be satisfied. 


(12.5) Harmonic Analysis of Current Distribution, Flux 
Density, and Magnetic Force 


(12.5.1) Current Distribution due to One Phase. 


Consider the angles of the slots occupied by the top-layer con- 
ductors of one phase of a 3-phase winding. In a balanced 
winding, there is an axis about which these angles are sym- 
metrical. Because of this symmetry, the harmonic analysis of 
the current-density distribution when there is unit current 
through the winding is of the form 


by + 5; cos 8 + by cos 26 
+...+5,cosn0+...= Xb, cos n6 
The current-density distribution due to the current in the 
oottom-layer conductors, which are displaced by an angle « 
from the top conductors, is 
—[by + b; cos (0 — a) +... b, cosn(O — a] 
= — Xb, cos n(O — a) 


Combining these two expressions to get the resultant current- 
density distribution due to unit current in one phase, we obtain 


—2¥0b, sin n(9 — a]2) sin 


The factor sin S is simply the coil pitch factor for the har- 


monic of order n, and is normally known as K,. 

The coefficients b, are found by carrying out the harmonic 
analysis of the current-density distribution in the usual way. As 
shown in Fig. 13, the current density may be considered as a 
number of ‘impulse’ or ‘Dirac’ functions, and this greatly 


6, 


Fig. 13.—Current distribution of conductors each carrying current I. 


facilitates the integration. On carrying out this integration it 
follows that b, is proportional to X cos n6,, where the summation 
is made over all angles, 0;, at which a conductor of the phase 
©onsidered is situated. 

It is now shown that & cos 76, is proportional to Ky, the 
eoread factor of the winding for a flux-density wave of the form 
“cos (nf + a). 

From Fig. 14 it may be seen that the spread factor is 


OA, 
Cnr OAs. . 
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which, since OA; = OA, = etc., may be written 


OA, 


KOA, 


Fig. 14.—Vector diagram for the spread factor of a winding. 


Since the angles are measured relative to the axis of symmetry, 


Hence b, is proportional to K, and the current-density distribu- 
tion due to unit current in one phase is proportional to Xa,, sin n9, 
where a, = K,K, for the harmonic of order 7. 


(12.5.2) Harmonics in the Flux-Density Distribution of a 3-Phase 
Machine. 

In a 3-phase winding, the currents in the three phases are 
sinusoidal in time and differ by 120° in phase. The combined 
current distribution due to all three phases when the current in 
one of the phases is sin wt is given!” by 


3 Dd a, cos (nO — wt) — 3 Dd a, cos (nf + wt) 


n=1,4,7... n=2,5,8... 


(12.5.3) Flux-Density Distribution and Force Distribution. 

The m.m.f. distribution is obtained by integrating the above 
current distribution pattern with respect to distance round the 
stator bore. Neglecting variations in permeance the fiux-density 
distribution is proportional to the m.m.f. distribution and is 
therefore given by 


Sy a sin ieee Ds <” sin (n6 + wt) 


n=1,4,7... n=2,5,8... 


The magnetic force of attraction at the stator bore is propor- 
tional to the square of the flux density and is therefore propor- 
tional to 


2 
E >i “ sin (nO — wt) — » “n sin (n8 + a 


=1,4,7... n=2,5,8... 


This expression may be regarded as a superposition of various 
force waves. The waves which are most likely to cause vibration 
of the stator are those of longest wavelength. 

From the above expression the term of longest wavelength is 
given by 


a7ag 
USES 


a;ay a4gas 
fee Ae 


Ersh 3) cos (8 + 2wf) 


which is a force wave whose frequency is twice the fundamental 


frequency. 
In this expression, the dominant term is usually the term 
involving a,, the amplitude factor of the fundamental, and is 


a,a a,a 
ith P aa or | Dopp | 
Caan FE: + 1) po—A) 


Frequently a winding is used in which nm, = m, so that all 
the even harmonics are zero, i.e. dy = a4 = ag... = 0 
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In this case the above force-wave harmonic vanishes and the 
term of longest wavelength is that involving cos (20 — 2w?). 
The amplitude of this is given by 

q e527 411413 
Py YET ANB 

This is a force wave of twice fundamental frequency, and again 
the dominant term is usually the one involving a, and either 
An+2 or Ay —2: 


Ly s) cos (280 — 2wt) 


(12.6) Interchange of Conductors at the Ends of Phase Bands 


If in the equivalent positive phase band of phase I, Fig. 1, 
conductors D and K are removed and conducters E and L are 
added, we have 


= (cos ¢;) = aac — 2cos [(n, — 4)6] + 2 cos [my + e)6] 
Similarly, for the equivalent negative phase band, 
= (cos $2) = ( pe + 2 cos [(m, + d)6] 


— 2cos[(m — oo} 
so that for ‘nX even’ 


x (cos f) = X (cos £1) — & (cos 4) 


2 cos GC “+ ms | sin Gc — ms | 


sin 6 


— 4cos on + ns | cos GC — Ny — 20)5 | 


+ 4 cos GC + ms | COs | on — M+ 205 


sn ("5) 


sing — 


= 2'cos GC + ny)= | 


— 2 cos Lm — 22)5 | + 2 cos Cc a 205 


where m = (n; — ny) and m, d and e can have any odd value. 
In some cases sufficient reduction in the lowest force sub- 
harmonic is obtained by making d = e; then 


& (cos ¢) = 2 cos GC + ms | sin Ge [2 ; 4 sin | 


Thus the effect of making the interchange is to multiply the 
value of & (cos ) before making the change by the factor 

K-(= 1 — 4sin @ sin dQ) for any value of m. 

 Simifeny) for nX odd it can be shown that the multiplying 
factor is the same. 


(12.7) Effect on Harmonics of Rotating One of the Two 
Repeatable Sections of the Stator Winding 


For simplicity, a winding with two repeatable sections is con- 
sidered, so that the stator consists of two identical halves. | 

In the pattern under the ‘equivalent pole pair’ the angle | 
between adjacent positions is given by 20 = nX2n/N, where! 
(n = 1) is the lowest harmonic present, and N is the number of. | 
slots in one of the two repeatable sections. A rotation of this 
pattern through S positions is equivalent to moving each of the 
stator conductors through SX slots. This has the same effect, 
on the winding factor of harmonics which already exist as that. 
of rotating one of two collinear vectors through an angle 286. 
The result is that the amplitude of the harmonic is multiplied 
by |cos SO]. 

The two repeatable sections, considered separately, would 
each produce harmonics corresponding to values of n equal to 
4, 3, & etc., in the above formula for 20, but because the two. 
sections are identical, except for an angular displacement in 
space of 180°, these harmonics cancel in the complete machine. | 
If one of the two repeatable sections is shifted through S positions 
under the equivalent pole-pair, these harmonics, given by n = 4, 
3, 4, etc., do exist and the amplitude of such harmonics is equal 
to the amplitude of the harmonics produced by one repeat- 
able section multiplied by |sin S|, because the effect is that of 
rotating one of two equal and opposite vectors through an 
angle 250. 

If a winding has more than two repeatable sections, the effect 
of rotating one or more of them can be dealt with in a similar’ 
manner. 


(12.8) Shift of Winding Pattern 
Since neighbouring conductors in the diagram (Fig. 2) are, 
actually X slots apart on the machine, a shift of S places under 


the equivalent pole is the same as a shift of SX slots in the actua 
machine. 


The number of slots per pole-pair is N/P, so that using th , 
relation xN = PX + 1, it is seen that 
ao i Sx + SIN 
+ x) = ee 


Since S/N is usually small, the sequence is shifted Sx pole-pairs, 
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CAPACITORS FOR DISCHARGE-LIGHTING CONTROL CIRCUITS 
By J. P. PITTS, B.Sc.(Eng.), Associate Member. 


(The paper was first received 31st December, 1957, and in revised form 5th March, 1958.) 


SUMMARY 


A short Section on manufacture and materials outlines typical 
features in the construction of a capacitor for discharge lighting and 
refers briefly to common practice in the choice of impregnating 
material and vacuum processing conditions. 

Under the general heading of dielectric life and breakdown the 
probable effects of conducting paths in tissue are mentioned. The 
importance of discharge-inception stress is emphasized, reference being 
made to discharge-inception measurements on capacitors impregnated 
with petroleum jelly and with pentachlorodiphenyl, and to the interim 
results of long-term accelerated tests on pentachlorodiphenyl-impreg- 
nated capacitors. A suggestion that electrochemical deterioration is 
not a major factor contributing to failure of paper capacitors under 
a.c. stress is discussed. A note on chemical decomposition of impreg- 
eants during breakdown is followed by discussion of the use of fusing 
to reduce or eliminate such chemical effects. 

A final Section discusses power factor as a criterion of capacitor 
quality. 


(1) INTRODUCTION 


The increasing use of interior and exterior discharge lighting 
during recent years has provided an excellent opportunity to 
observe the performance of large numbers of impregnated-paper 
capacitors at comparatively high ambient temperatures and 
r.m.s. voltages in the range 230-440 volts. 

The users of the larger a.c. capacitors for heavy-current 
applications are normally prepared to accept the cost of almost 
complete reliability. With discharge-lighting circuits, great 
reliability is also required, but the demand for low cost is 
insistent. Consequently, the capacitor engineer has a very 
particular interest in the relationships between reliability, mode of 
construction and manufacturing conditions. 

After a brief note on manufacture and materials, the paper 
discusses some important factors which influence the reliability 
of this class of capacitor. 


(2) MANUFACTURE AND MATERIALS 


An 8 uF 250-volt (a.c. working) capacitor for shunt power- 
factor correction still appears to be the most common in 
fluorescent-lighting control equipment and will be taken as an 
example. Typically, the winding of paper and foil consists of 
two aluminium foils, 6-8 w thick, and two pairs of kraft-tissue 
interleavings, commonly 10, thick. Pure-tin or tinned-copper 
connector tabs are inserted during winding of the roll, and con- 
nections are made to the capacitor terminals either by spot 
welding or soldering. After being vacuum-dried, degassed and 
impregnated, the wound unit is sealed in its metal container. 


(2.1) Types of Impregnant 


Three commonly used alternatives for a.c. paper capacitor 
wapregnation are petroleum jelly, mineral oil and chlorinated 
«phenyl, and there are many possible variants using these three 
basic materials. All three may be used with or without stabi- 
l'zers. The degree of chlorination of chlorinated diphenyl may 
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be varied to suit the operating temperature range required for 
the capacitor, and this range may also be varied by mixing 
chlorinated diphenyl with trichlorobenzene. 

However, the majority of capacitors for lighting circuits are 
impregnated with either petroleum jelly or pentachloro-dipheny], 
with no additives, despite the wide variety of trade names used 
for impregnants. 


(2.2) Vacuum-Drying and Degassing 


Little scientific information on the vitally important vacuum- 
drying of paper capacitors has been published in England, 
although a systematic investigation of the relationship between 
residual moisture in capacitor windings and the associated 
vacuum conditions has been made in Germany. Hochhausler!+? 
claims that water can be removed completely from capacitor 
windings, as evidenced by a drop test on the vacuum-tight con- 
tainer at the end of a drying cycle,* by evacuating until the 
equilibrium total pressure in the container has reached approxi- 
mately 0:001mmHg. Even with the most rapid diffusion- 
pumping methods, drying to this degree may require 7-10 days, 
since the last stages of moisture evolution are controlled by the 
rate of diffusion through the windings. 

The matter of great interest to the designer of mass-produced 
capacitors is the relationships between the residual moisture 
content and capacitor life and reliability. All accelerated tests 
on capacitors have their limitations, and after first commencing 
work with any given vacuum conditions and a particular impreg- 
nant, a period probably exceeding 10 years is needed to arrive 
at reliable conclusions on factors affecting life. 

With discharge-lighting capacitors it is at present common 
practice to dry windings at a vacuum of about 0-1mmHg and 
for a total period of evacuation not exceeding 2 days. 


(3) DIELECTRIC LIFE AND BREAKDOWN 
(3.1) Conducting Paths in Tissue 


It is well known that capacitor tissue contains a small number 
of conducting paths which paper manufacturers have so far been 
unable to exclude completely. The number of paths present in a 
given area of tissue increases with reduction of tissue thickness. 
These weaknesses in the tissue are most probably responsible for 
the small number of capacitor breakdowns which occur on pro- 
duction proof tests and may also be very largely responsible for 
a few breakdowns of 2-interleaving capacitors in service. 

An investigation? of the chemical nature of conducting paths 
has provided strong evidence that they are normally carbonaceous 
(probably coke particles), and has shown that their diameters 
vary up to approximately 100. Thus, in some cases they are 
sufficiently small to be embedded in a single tissue, while in 
others they may partially penetrate the adjacent tissue. Owing 
to their presence, a capacitor designer discounts one interleaving 
when choosing total paper thickness to withstand a given stress. 
With capacitors stressed below ionization inception it seems 
reasonable to suppose that an early failure arises from the 

* A test in which the container, when sealed off, showed no loss of vacuum other 


than any slight leakage measured on the container before it was loaded for the 
yvacuum-drying and degassing cycle. 
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exceptionally high stressing of average-quality dielectric adjacent 
to a conducting path rather than from a general deterioration 
of the whole dielectric. 

An important question for the capacitor engineer is: what, 
for any specific type of capacitor, is the optimum over-voltage 
test needed to eliminate capacitors with over-stressed regions in 
the dielectric while not damaging the normally stressed portions? 
The time required to complete investigations of this type may 
result in the adoption of more rigorous proof-testing conditions 
with a certain degree of initial risk. Alternatively, a very small 
incidence of short-term failures—about 0:01 %—may be con- 
sidered acceptable in the case of 2-interleaving capacitors. A 
capacitor designer may be required to compromise on reliability 
to this extent since, in 250-volt a.c. capacitors, thinner tissue to 
give three instead of two interleavings is approximately twice as 
costly, weight for weight. 


(3.2) Capacitor Life in Relation to Discharge-Inception Stress 


The importance of discharge-inception stress in a.c. paper 
capacitors has been underlined by work at the Electrical Research 
Association, and it has been concluded that eventual failure is 
inevitable when discharges are allowed to persist in any dielectric. 
Discharge inception has been found to occur in the region 
300-400 volts r.m.s. in individual capacitor windings with twin 
12 p interleavings impregnated with petroleum jelly. In similar 
pentachlorodiphenyl-impregnated windings which have received 
similar drying and degassing treatment to a final medium vacuum 
between 0-1 and 0:5mmHg before impregnation, discharge 
inception occurs between 1 and 1-3kV r.m.s. 

The writer is unable to quote figures for mineral oils from 
direct experience, but results of E.R.A. work* have been pub- 
lished. It may be noted that the figures quoted above were 
obtained from measurements using the type of discharge detector 
(see Section 8) used in the E.R.A. work on mineral-oil- 
impregnated capacitors and that similar precautions were taken 
in distinguishing between contact discharges and discharges in 
the main body of the capacitor. 

The melting and resolidification of petroleum jelly during the 
temperature cycles commonly encountered by a capacitor in a 
fluorescent-lighting fitting undoubtedly favour void formation, 
and an impregnant which is fluid over the whole working 
temperature range seems a logical choice for this type of 
application. 

Direct observation of the performance of pentachlorodiphenyl- 
impregnated capacitors on accelerated endurance tests in the 
laboratory confirms that a period of many years must elapse 
before life distribution curves can be completed. Table 1 shows 
the interim results of an extended accelerated test at 400 volts 
r.m.s. and 80°C, on a batch of nine pentachlorodiphenyl- 
impregnated capacitors designed for normal operation at 
275 volts r.m.s. (maximum) and temperatures between 0 
and 70°C. 

These units are wound with twin interleavings of 12 kraft 
tissue having a density of 1-2, and connections are made by a 
single pair of tinned-copper tags placed centrally in the winding. 
The units were dried and degassed under medium vacuum con- 
ditions (0: 1-0-5 mm Hg) before impregnation with pentachloro- 
diphenyl. The impregnant had been given Fuller’s-earth 
treatment and medium vacuum drying and degassing. No 
stabilizer was added. 

It will be noted that, with nominal tissue thickness, the peak 
stress in the accelerated test is 23-6 volts/u. This particular 
test was originally commenced as one of a number of type tests 
at approximately 1-5 times working voltage, but was continued 
as an accelerated life test. Its main purpose was to indicate the 
order of life to be expected from a capacitor with twin 12 
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Table 1 | 


ACCELERATED TEST ON NINE PENTACHLORODIPHENYL-IMPREG- 
NATED PAPER CAPACITORS RATED AT 8 4F + 10%, 275 VOLTS - 
R.M.S. (MAX.) 

Test Conditions: 400 volts r.m.s. and 80° C 


Insulation resistance x Capacitance 


Capacitance corrected to 20°C 


Before test After 20000 hours Before test After 20000 hours 


ohm-farads ohm-farads 
X10 SS x 10-3 


8: 
8: 
8- 
8: 
8: 
8: 
8: 
8: 
8: 


* Breakdown at 1500 hours. 


interleavings, vacuum processed under specific conditions, and 
at the time of writing eight capacitors have survived 26 000 hours, 
with less than 1°% change in capacitance after 20000 hours. 
From later tests on similar capacitors where measurements of © 
discharge inception, power factor, capacitance and insulation » 
resistance are made before and at intervals during the tests, it 
is hoped to make some assessment of pentachlorodiphenyl as © 
an impregnant in capacitors treated under specified vacuum 
conditions. 

Any work which provides a basis for deciding how closely 
the capacitor peak working stress may safely approach the’ 
lowest discharge-inception stress associated with a particular | 
design and set of manufacturing conditions is of value. How- 
ever, an important practical limitation exists. In present-day } 
practice it is usual to permit stressing of impregnated-paper © 
capacitor dielectrics at 10-14 volts/w r.m.s. during normal} 
operation. Since, in capacitors with twin 12, interleavings 
impregnated with pentachlorodiphenyl, it has been found that) 
the discharge-inception stress is about three times the peak} 
working stress, it might appear possible to reduce substantially | 
the thickness of interleavings. Unfortunately, such reduction) 
involves an increase in the number of conducting paths and) 
hence possibility of an increased number of early failures. ; 


. 
| 
h 
| 


(3.3) Electrochemical Deterioration of Impregnated-Paper 
Capacitors under A.C. Stress 


cluding that it is not an important factor, provided that the’ 
voltage stress is well below discharge inception. \ 
It is noteworthy that, for capacitors impregnated with pen-) 
tachlorodiphenyl (which gives a high discharge-inception voltage f 
and provided with a sufficient number of interleavings, to avoid 
early failure due to conducting paths, the service failure rate 
has been negligible* in a particular case. This seems to indicate 
the absence of serious electrochemical action, particularly sin 
this absence of failures has been observed with capacitors. 
vacuum-dried to approximately 0-1mmHg—which definitely 
leaves some residual moisture in the dielectric. Such moisture: 
would assist any processes of electrochemical deterioration. { 


* This refers to a case where no failures have been reported, but it cannot neces 
be assumed that none have occurred. The capacitors have three 12u. interleavin — 
tissues and are rated at 400 volts r.m.s. The total number in service is 150000 and th 
maximum time in service is 4 years. : 


— ducts. 


_ significant number of capacitors. 


: 


_ shunt power-factor correction. 
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A specific comparative example was the observed superiority 
in service of certain capacitors impregnated with pentachloro- 
diphenyl over equivalent capacitors impregnated with petroleum 
jelly—equivalent in the sense that the same materials were used 
for windings apart from the impregnant and the same medium- 
vacuum drying process was used. Owing to differences in 
perinittivity, the overall sizes differed for the same capacitance 
and working voltage, as did the outer casings and terminal 
bushings. From the relative figures for discharge inception 
quoted in Section 3.2 it would be expected that under certain 
circuit conditions discharges could occur in the capacitors 
impregnated with petroleum jelly but would probably not occur 
in the similar capacitors impregnated with pentachlorodipheny]. 

The interim life-test results reported in Section 3.2 at least 
begin to suggest, in a particular case, that no major processes of 
electrochemical deterioration have occurred. Itiswell established 
that, under d.c. stress, polar impregnants such as pentachloro- 
diphenyl undergo electrochemical deterioration, and some 
workers consider that it takes place under low-frequency a.c. 
stress.> It has been noted® that, although a slow enough electro- 
chemical reaction may be reversible with each half-cycle, many 
reactions are sufficiently fast to proceed under 50c/s a.c. stress 
as well as d.c. stress. 


(3.4) Chemical Decomposition of Impregnants during Capacitor 
Breakdown 


It is proposed to refer only very briefly to forms of chemical 
decomposition which have in some cases been associated with 
the electrical failure of capacitors of this class. It is fairly 
widely known that the occurrence of discharges in petroleum 
jelly can result in release of free hydrogen, in addition to causing 
progressive deterioration of the dielectric, leading to ultimate 
‘breakdown. In some instances, hydrogen formation has set up 
sufficient internal pressure to rupture a metal container (par- 
ticularly along a soldered seam) before eventua! failure of the 
winding. Some instances have also been observed where elec- 
trical failure of a chlorinated-diphenyl-impregnated capacitor 
has been accompanied by the formation of decomposition pro- 
Internal pressure has sometimes been sufficient to swell 
or rupture the container. Experience has shown pentachloro- 
diphenyl in capacitors to be very stable when stressed below 
discharge inception. Decomposition can occur under the arcing 
conditions accompanying some forms of dielectric breakdown. 

In production over-voltage tests a very small percentage of 
breakdowns occurs which, over a number of years, becomes a 
From this source of informa- 
tion it was possible to observe that, where the fault current was 
limited to a maximum of 6—7 amp in individual units, failure was 
never accompanied by appreciable decomposition of the penta- 
chlorodiphenyl impregnant. 

Suitable fusing of the control circuit or the capacitor will 
ensure that any failure will not be associated with leakage of 
impregnant. In some cases, provision is made incidentally by 
the existing fusing of fittings. In other cases the nature of the 
control circuit is such as to limit the fault current in a failed 
capacitor. 

A practice sometimes adopted is to provide internal fuses in 
capacitors rated at 250 volts a.c. working, and intended for 
This provision is made, in 
some cases, with both chlorinated-diphenyl- and petroleum-jelly- 
impregnated capacitors. It should be remembered that an 
iaternal fuse tends to conceal any incidence of failure with shunt 


_ ©orrection, since a breakdown becomes an open-circuit and the 
change of power factor may not be noticed. It may also be 
 ,oted that an internal fuse in a chlorinated-diphenyl-impregnated 
_ apacitor eliminates the possibility of decomposition of impreg- 
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nant under heavy fault current only if so designed that an arc 
to the case following rupture of the fuse is impossible. 


(4) POWER FACTOR 

Some specifications for capacitors for discharge-lighting 
circuits include such a statement as ‘power factor better than 
0:4%° under specified conditions. It is important to note that, 
with large individual capacitor windings such as are under 
discussion, the power factor may have an appreciable component 
due to the resistive loss of the aluminium foil, since geometrical 
considerations may require a winding with a long length of 
narrow foil. In extreme cases this resistive loss may increase 
the power factor by as much as 0:0025 at 50c/s. At 1kc/s this 
would increase to 0:05 and completely swamp the dielectric 
component. A high power factor is therefore not necessarily 
an indication of bad quality in the dielectric. This degree of 
resistive loss may be avoided by fitting more than one pair of 
connecting tabs, but it is doubtful whether such a manufacturing. 
complication is justified, since its heating effect is negligible at 
50c/s. The resistive component of the power factor is easily 
calculable for any given design and frequency, and should be 
subtracted from the measured power factor to obtain the 
dielectric dissipation component. 

It has been suggested that the expression ‘power factor’ 
should be discontinued in specifications for large capacitors in 
favour of the ‘dielectric dissipation factor’ as defined above. It 
might be maintained that the specification of both is desirable 
where the capacitors concerned are likely to be used in circuits 
with an appreciable harmonic content, or with supply frequencies 
above 50c/s. 

It is significant that, from the writer’s experience, capacitors 
of varying size and geometrical shape have dielectric dissipation 
factors consistently close to each other, and that any error in 
vacuum-drying processes is immediately reflected in a significant 
increase in this factor, which is therefore a valuable control 
measurement. 

Some authorities in the past have favoured the use of insulation 
resistance as the best criterion of quality, but the writer’s experi- 
ence is that this figure is subject to much greater variation, 
particularly from batch to batch, probably owing mainly to the 
difficulty of correctly applying the large corrections for tem- 
perature which are necessary. Temperature has only a small 
effect on power factor compared with that on insulation 
resistance. 


(5) CONCLUSIONS 

From this short survey the suggestion emerges that there are 
two distinct considerations in assessing life and reliability of 
paper capacitors of this class. 

The presence of conducting paths in tissue may be largely or 
wholly responsible for any small incidence of short-term failure 
in capacitors whose dielectric as a whole has good properties. 
If it is desired to eliminate this type of failure without taking the 
obvious but costly step of increasing the interleavings, investiga- 
tion of short-duration tests at voltages higher than those now 
commonly used for proof tests seems a suitable approach. Dis- 
charge inception and extinction stresses are obviously of great 
importance in connection with such work. A considerable 
period would be required, and the performance of many 
thousands of capacitors must be studied, to complete such an 
investigation. 

The quality of the dielectric as a whole and its behaviour 
under the stresses which it has been designed to withstand are 
the aspects of capacitor reliability which will determine the 
general form of a life-distribution curve for capacitors in service. 
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The first indications from accelerated tests over a limited 
period (3 years) are that, with a stable impregnant which is fluid 
throughout the working temperature range, and with units 
stressed well below discharge inception, an average life quite 
sufficient for the applications concerned can be expected. 
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(8) APPENDIX 
Discharge-Inception and -Extinction Stresses 


Whenever the terms discharge-inception stress (or voltage) 
and discharge-extinction stress (or voltage) are used in the paper 
they refer to the results of measurements made with the first 
commercial discharge detector based upon methods used in | 
E.R.A. work? in this field of measurement. In this instrument | 
the smallest detectable discharge magnitude is directly propor- 
tional to the square root of the capacitance of the specimen. 

In the paper, specific results are quoted only for 8 wF capacitors 
constructed with twin 12, tissue interleavings, since 8 wF is a 
very common capacitance in discharge-lighting circuits. The 
discharge-inception voltages given might more cautiously be 
termed ‘discharge-appearance voltages measured with this 
particular instrument at its particular sensitivity when the input 
circuit is matched to an 8uF capacitor’. However, precise 
absolute values are not so important when it is intended to 
compare discharge-inception values for capacitors of the same 
value but impregnated with different materials. 
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